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Abstract 

The  objective  of  this  program  was  developmei^  of  stable,  single-frequency, 
continuous-wave  (CW)  optical  parametric  oscillators  (OPOs)  for  the  application 
of  injection  seeding  pulsed  lasers.  Progress  has  been  made  in  the 
demonstration  and  performance  characterization  of  doubly  resonant  optical 
parametric  oscillators  (DROs)  operating  near  degeneracy  pumped  by  532-nm 
CW  radiation  obtained  from  second  harmonic  generation  of  diode-array- 
pumped  Nd:YAG  lasers.  It  was  observed  that  the  OPO  reproduced  the 
coherence  of  the  pump  radiation  with  little  additional  noise.  A  detailed  analysis 
of  the  tuning  and  control  properties  of  the  DRO  helpful  for  development  of 
active  stabilization  techniques  has  been  completed.  Design  considerations  for  a 
2-p.m  DRO  based  on  this  analysis  are  presented.  Stabilization  of  the  DRO 
requires  synchronized  control  of  at  least  three  parameters;  temperature,  pump 
frequency,  and  applied  potential  for  electro-optic  tuning  are  considered. 
Research  on  this  topic  is  continuing  motivated  by  a  the  exceptional  coherence 
and  tuning  properties  of  the  OPO  and  applications  involving  optical  frequency 
synthesis  that  will  extend  far  beyond  injection  seeding. 
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Tunable  CW  single-frequency  source  for  injection  seeding  2-|j,ni  lasers 


1.  Introduction 

The  objective  of  tliis  program  has  been  to  develop  stable,  single-frequency  optical 
parametric  oscillators  that  can  be  used  for  injection  seeding  pulsed  lasers  to  obtain 
reproducible  single-mode  operation.  The  Thulium  and  Holmium  laser  systems  operating 
near  2.0  pm  are  of  particular  interest  There  are  a  number  of  applications  for  single¬ 
frequency  lasers  at  this  wavelength  including  eye-safe  transmitters  for  LIDAR  and 
communications  systems,  and  sources  of  pump  radiation  for  nonlinear  optical  frequency 
conversion  to  other  regions  of  the  infrared  spectrum.  The  research  results  of  this  program 
will  allow  the  construction  of  optical  parametric  oscillators  for  the  injection  seeding 
application.  More  importantly,  however,  these  results  are  leading  toward  the  more  general 
use  of  optical  parametric  oscillation  as  a  precise  and  versatile  technique  for  optical 
frequency  synthesis. 

Optical  parametric  oscillators  have  not  been  widely  considered  for  the  generation  for 
injection  seeding  or  injection  locking  radiation.  Because  of  the  complexity  of  their 
operation,*  doubly  resonant  parametric  oscillators  (DROs)  were  often  assumed  to  be  so 
unstable  and  difficult  to  control  that  there  use  should  be  avoided.  Singly  resonant  optical 
parametric  oscillators  (SROs)  are  much  simpler,  but  they  have  much  higher  thresholds  for 
oscillation  and  have  only  been  operated  in  the  pulsed  mode.  Even  pumped  with  long 


R.  G.  Smith,  "A  study  of  factors  affecting  the  performance  of  a  continuously  pumped  doubly  resonant 
optical  parametric  oscillator,"  DEEE  J.  Quantum  Electron.  QE-9,  pp.  530-542,  (May,  1973). 
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pulses,  however,  simple  SROs  typically  operate  with  a  multimode  output.2  If  careful 
measures  are  taken  in  the  operation  of  an  SRO,  it  is  possible  to  force  single  mode 
oscillation  and  allow  continuous  tuning^.^  ,  but  this  quickly  leads  to  very  elaborate 
systems.  The  central  conclusion  presented  here  is  that  the  DRO  can  be  made  to  operate 
with  single-mode  output  with  reasonable  active  stabilization  techniques.  The  double 
resonance  condition  provides  additional  frequency  selectivity  forcing  single  mode 
operation  even  in  pulsed  DROs.^  We  have  extended  the  operation  of  the  diode-laser- 
pumped  monolithic  DRO  to  continuous-wave  (CW)  operation  and,  in  addition,  find  that 
the  DRO  essentially  reproduces  the  coherence  of  the  pump.  Based  on  characterization  of 
the  pulsed  and  CW  operation,  the  DRO  theory  is  extended  to  allow  analysis  of  techniques 
for  continuous  tuning  and  active  stabilization. 

The  properties  of  the  CW  DRO  are  particularly  well  suited  for  injection  seeding  of 
pulsed  lasers.  The  output  of  a  DRO  is  widely  tunable,  and  a  single  OPO  could  be  used  to 
injection  seed  a  variety  of  laser  systems.  Ring  geometry  parametric  oscillators  have  gain 
in  only  one  direction,  and  for  this  reason  offer  high  resistance  to  optical  feedback.  Recent 
advances  in  solid-state  lasers  combined  with  improvements  in  nonlinear  optical  materials 


2  W.  J.  Kozlovsky,  E.  K.  Gustafson,  R.  C.  Eckardt  and  R.  L  Byer,  "An  efficient  monolithic 
Mg0:LiNb03  singly  resonant  optical  parametric  oscillator,"  Opt.  Lett.  13,  pp.  1102-1104  (December 
1988). 

3  S.  J.  Brosnan  and  R.  L.  Byer,  "Optical  Parametric  Oscillator  Threshold  and  Linewidth  Studies."  EEE 
J.  Quantum  Electron.  QE-15, 415  (June  1979). 

T.  K.  Minton,  S.  A.  Reid,  H.  L.  Kim  and  J.  D.  McDonald,  "A  scanning,  single-mode,  LiNb03, 
optical  parametric  oscillator.  Opt.  Comm.  69,  pp.  289-293,  (Jan.  1,  1989). 

^  W.  J.  Kozlovsky,  C.  D.  Nabors,  R.  C.  Eckardt  and  R.  L  Byer,  "Monolithic  Mg0:LiNb03  doubly 
resonant  optical  parametric  oscillator  pumped  by  a  ftequency-doubled  diode-laser-pumped  Nd;  YAG 
laser."  Opt.  Uit.  14,  pp.  66-68  (Jan.  1.  1989). 
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now  offer  the  opportunity  of  highly  stable  CW  single-mode  operation.  We  have 
investigated  ring-geometry,  LiNbOs  OPOs  pumped  at  a  wavelength  of  532  nm.  The 
pump  radiation  was  produced  by  semiconductor-diode-laser-pumped,  nonplanar-ring- 
oscillator.  Neodymium  lasers  operating  at  1.064  pm.  The  laser  output  was  converted  to 
532  nm  by  externally  resonant  second  harmonic  generation.^  The  two-step  nonlinear 
optical  process  of  harmonic  generation  followed  by  parametric  oscillation  was  chosen 
because  noncritical  phase  matching  was  possible  in  each  stage  with  the  result  of  relatively 
high  overall  efficiency  at  low  power  levels. 

Research  on  optical  parametric  oscillators  draws  on  a  number  of  fields  that  are 
rapidly  evolving.  It  is  quite  possible  that  new  nonlinear  optical  materials  will  allow  other 
schemes  for  parametric  generation  of  specific  wavelengths.  Periodically  poled  nonlinear 
optical  materials,'^-*  for  example,  could  revolutionize  many  of  the  techniques  of  nonlinear 
optical  frequency  conversion.  Quasi-phasematching^  and  tailored  periodicity  can  provide 
noncritical  phase  matching  for  nonlinear  optical  processes  at  wavelengths  where  it  is  not 
possible  with  existing  materials.  The  techniques  of  integrated  optics  can  also  be  applied  to 


°  W.  J.  Kozlovsky,  C.  D.  Nabors  and  R.  L.  Byer,  "Efficient  Second  Harmonic  Generation  of  a  Diode- 
Laser-Pumped  CW  NdiYAG  Laser  Using  Monolithic  Mg0:LiNb03  External  Resonant  Cavities,”  IEEE 
J.  Quantum  Electron.  24, 913  (June,  1988). 

^  E.  J.  Lim,  M.  M.  Fejer,  and  R.  L.  Byer,  “Second  harmonic  generation  of  green  light  in  periodically 
poled  planar  lithium  niobate  waveguide,”  Electron.  Lett.  25,  pp.  174-175  (Feb.  2, 1989). 

*  G.  A.  Magel,  E.  J.  Lim,  M.  M.  Fejer,  and  R.  L.  Byer,  "Second  harmonic  generation  in  periodically- 
poled  LiNbOj,"  Optics  News  15,  pp.  20-21,  (Dec.  1989). 

^  M.  M.  Fejer,  G.  A.  Magel,  and  E.  J.  Lim,  "Quasi-phase-matched  interactions  in  lithium  niobate," 
Proc.  SPIE  1148  Nonlinear  Optical  Properties  of  Materials,"  pp.  213-224  (1989). 
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parametric  oscillators. It  is  possible  in  the  future  that  the  nonlinear  optical  use  of  single¬ 
domain,  bulk,  inorganic  crystals  may  be  limited  to  applications  such  as  those  involving 
high  power  or  perhaps  very  high  optical  coherence.  There  is  also  rapid  development  in 
lasers  which  are  used  to  generate  the  pump  radiation.  With  the  materials  and  lasers 
available  now,  monolithic  DROs  fabricated  from  LiNb03  and  diode-laser-pumped 
Nd:YAG  lasers  are  good  choices  for  a  CW  2-|im  DRO,  but  better  choices  could  become 
available.  The  basic  theory  and  technology  developed  in  this  program,  however,  will  be 
easily  adapted  to  the  new  systems. 

The  detailed  results  of  this  program  are  presented  in  three  appendices  to  this  report. 
Two  of  these  appendices  are  reprints  of  journal  publications,  and  the  third  is  a  copy  of  a 
manuscript  which  has  been  submitted  for  publication.  Appendix  A  describes  the  operation 
of  the  near-degeneracy  DRO  with  output  tunable  between  1007  to  1 129  nm.^i  Appendix 
B  describes  the  characterization  of  the  coherence  properties  of  this  DRO.  >2  The  work 
described  in  the  second  appendix  was  performed  after  the  completion  of  this  contract,  and 
it  was  supported  by  a  subsequent  contract.  The  theoretical  development^^  in  Appendix  C 
was  performed  over  a  period  of  time  that  spanned  the  performance  period  of  both 
contracts.  A  discussion  of  these  results  is  presented  in  the  next  section.  The  theory  and 


^  ®  H.  Suche  and  W.  Sohler,  "Integrated  optical  parametric  oscillates,"  Optoelectronic  -  Devices  and 
Techniques  (Tokyo)  4,  pp.1-20,  (June  1989). 

^  ^  C.  D.  Nabors,  R.  C.  Eckardt,  W.  J.  Kozlovsky,  and  R.  L.  Byer,  "Efficient,  Single-axial-mode 
operation  of  a  monolithic  optical  parametric  oscillator,"  C>pt.  Letu  14,  pp.  1 134-1136,  (Oct.  IS, 
1989). 

'2  C.  D.  Nabors,  S.  T.  Yang,  T.  Day,  and  R.  L.  Byer,  "Coherence  properties  of  a  doubly  resonant 
monolithic  optical  parametric  oscillator,"  J.  Opt  Soc.  Am.  B,  7,  pp.  815-820,  (May  1990). 

^ 3  R.  C.  Eckardt,  C.  D.  Nabors,  W.  J.  Kozlovsky,  and  R.  L.  Byer,  "Optical  parameieric  oscillator 
frequency  tuning  and  control,"  submitted  to  J  Opt.  Soc  Am.  B. 
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analysis  is  applied  to  design  considerations  for  a  2-|im  DRO  in  section  lU.  A  sununary 
and  discussion  of  continuing  research  related  to  this  program  is  given  in  the  final  section. 


11.  Research  Progress 

a.  CW-pumped,  near-degeneracy  DRO 

The  DRO  with  which  we  demonstrated  CW  operation  was  similar  in  construction  to 
the  pulsed  pumped  DRO  with  which  we  worked  earlier.  The  major  difference  was  that  the 
coatings  of  the  C!W  DRO  had  higher  reflectivity.  Both  monolithic  DROs  employed  ring 
paths  formed  by  reflections  from  two  high-reflectivity  multilayer-dielectric-coated 
surfaces  near  normal  incidence  and  an  uncoated  total  internal  reflection  surface  at  a  grazing 
incidence.  The  coated  reflecting  surfaces  had  lO-mm  radius  of  curvature,  and  the  length 
of  the  Mg0:LiNb03  resonators  was  12.5  mm.  The  calculated  beam  waist  for  these 
cavities  was  Wq  =  27  pm.  Temperature  tuned  noncritical  phase  matching  was  used.  A 
variable  potential  was  alee  applied  to  metal  electrodes  on  crystal  surfaces  perpendicular  for 
the  crystalline  b-axis  to  permit  fine  tuning  of  the  cavity  resonances  and  phase  matching. 

We  had  30  mW  of  single-frequency  532-nm  CW  radiation  available  to  pump  the 
DROs.  The  experimentally  observed  threshold  for  the  higher-finesse  DRO  was  12  mW. 
The  lower-finesse  DRO  had  a  CW  threshold  of  35  mW  which  was  later  observed  with  a 
higher  power  laser  that  could  generate  up  to  150  mW  at  the  532-nm  second  harmonic. 
Initially,  however,  it  was  possible  to  reach  threshold  of  the  lower-finesse  DRO  only  by 
pulsing  the  diode-laser-pumped  Nd:YAG  laser. 

The  added  frequency  selection  of  the  double  resonance  condition  resulted  in  single- 
mode-pair  oscillation  for  both  the  pulsed  and  CW  DROs.  Output  frequency  distributions 
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were  measured  with  a  300-MHz-free-spectrai-range  scanning  intorferometer  and  a  one- 
meter  grating  monochromator.  TTie  pulsed  DRO  was  remarkable  constant  both  temporally 
and  spectrally  from  shot  to  shot  at  320  kHz  repetition  rate,  but  did  have  a  tendency  to  drift 
on  longer  time  scales.  Stable  CW  operation  was  attained  for  periods  up  to  a  couple  of 
minutes.  Initial  attempts  at  dither-and-lock  operation  of  the  CW  oscillator  were  only 
partially  successful. 

The  CW  DRO  is  capable  of  very  high  efficiency  with  optimization  of  parameters  and 
displayed  good  efficiency  even  with  the  constraints  of  the  initial  observations.  A  pump 
depletion  of  78%  was  achieved  at  twice  threshold.  At  this  level  of  deletion,  39%  of  the 
transmitted  pump  energy  was  contained  in  the  DRO  signal  and  idler  outputs.  This  shows 
that  there  was  approximately  0.37%  round-trip  internal  power  loss  and  0.37%  output 
coupling  for  the  finesse  7  =  960  DRO  operating  near  degeneracy  with  1035-  and  1096-nm 
signal  and  idler  outputs.  Projections  from  earlier  experiments  had  placed  internal  losses  at 
0.4%,  and  output  coupling  was  specified  to  be  0.5%  both  in  reasonable  agreement  with 
observation.  It  is  customary  in  such  experiments  to  first  demonstrate  the  operation 
desired,  and  then  to  optimize  performance.  Increased  pump  power  and  adjusted  output 
coupling  and  cavity  geometry  could  increase  overall  conversion  efficiency,  but  the 
efficiencies  achieved  are  satisfactory. 

Both  the  pulsed  and  C!W  DROs  were  used  to  characterize  temperature  and  voltage 
tuning.  Tuning  on  the  broadest  scale  is  centered  around  the  temperature  tuned  phase¬ 
matching  tuning  curve.  On  a  more  detailed  scale,  tuning  of  the  DRO  consists  of 
superimposed  series  of  discontinuous  wavelength  changes  of  hops  between  adjacent  axial 
modes.  Each  of  these  series  of  mode  hops  is  centered  on  a  cluster  curve  which  intersects 
the  phase-matching  curve.  The  larger  wavelength  change  between  separate  series  of  mode 
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hops  is  referred  to  as  cluster  jump  and  involves  a  change  of  typically  a  hundred  or  more 
axial  modes.  Cluster  jumps  are  more  numerous  when  cavity  finesse  is  higher. 

DRO  tuning  was  observed  by  incrementally  changing  temperature  and  ramping 
applied  potential.  The  full  extent  of  tuning  of  the  CW  DRO  was  1(X)7  to  1 129  nm  limited 
by  the  high-reflectivity  region  of  the  dielectric  coatings.  The  greatest  wavelength  extent  of 
electric  field  tuning  was  plus  or  minus  19  nm  centered  on  degeneracy.  The  extent  of 
electric  field  tuning  decreases  with  detuning  from  degeneracy.  In  preliminary  servo 
control  experiments,  the  DRO  was  able  to  follows  tuning  of  the  pump  laser  but  only  for  90 
MHz.  The  mode  spacing  of  the  DRO  cavity  was  5.1  GHz,  and  the  theoretical  analysis 
described  in  section  lie  and  Appendix  C  shows  that  continuous  tuning  can  extend  through 
an  extent  greater  than  the  mode  spacing.  The  tuning  measurements  described  above  and 
the  coherence  measurements  described  in  the  next  section  provide  the  experimental  basis 
for  the  theoretical  modeling. 

b.  Coherence  properties 

The  coherence  properties  of  the  DRO  are  remarkable  and  have  recently  been  the 
subject  of  a  number  of  investigations  in  quantum  optics  and  squeezed  state  generation.  A 
property  that  is  important  in  the  generation  of  radiation  for  injection  seeding  is  that  DROs 
have  the  capability  to  provide  highly  coherent  output  reproducing  the  statistical  propenies 
of  the  pump  with  very  little  additional  noise.  This  has  been  shown  theoretically  by 
Graham  and  Haken  in  a  quantum  mechanical  analysis  of  the  DRO,  and  it  has  been 
demonstrated  in  experimental  measurements  of  the  coherence  properties  of  the  DRO.  The 


R.  Graham  and  H.  Haken,  "The  Quanium-Ructuations  of  the  Optical  Parametric  Oscillator.  I,"  Z. 
Phys.  210,  pp.  276-302,  (1968). 
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quantum  mechanical  analysis  showed  that  the  diffusion  of  the  sum  of  the  signal  and  idler 
wave  phases  follow  the  phase  diffusion  of  the  pump  wave  adiabatically.  Although  the 
phase  difference  of  the  signal  and  idler  may  diffuse  in  an  undamped  manner,  the  statistical 
properties  of  a  DRO  are  basically  the  same  as  those  of  an  ideal  laser.  A  result  of  these 
properties  is  the  addition  of  only  a  small  amount  of  phase  noise  in  the  output  of  the  DRO 
above  that  present  in  the  pump. 

It  has  been  confirmed  that  the  DRO  essentially  reproduces  the  pump  frequency 
stability  in  coherence  measurements  of  the  output  of  a  cw  DRO.  [ref.  12  and  Appendix  B] 
For  periods  of  approximately  one  minute,  the  free-running  DRO  which  was  not  servo 
locked  would  oscillate  on  a  single  mode  pair  without  a  mode  hop.  Measurement  of 
beating  between  the  DRO  output  and  an  independent  diode-laser-pumped  solid-state  laser 
during  the  periods  between  mode  hops  demonstrated  the  frequency  stability.  The  beatnote 
linewidth  was  13  kHz,  which  was  the  expected  value  for  the  typically  10-kHz  linewidths 
of  the  pump  laser  and  independent  reference  laser.  The  scanning  interferometer 
measurements  described  earlier  were  limited  to  the  instrument  resolution  of  a  few 
megahertz. 

Additional  coherence  measurements  showed  that  the  signal  and  idler  were  phase- 
anticorrelated  when  referenced  to  the  pump  laser.  Also,  the  width  of  the  signal-idler 
beatnote  with  the  DRO  near  but  not  at  degeneracy  was  500  Hz.  The  signal-idler  beamote 
indicates  the  frequency  fluctuations  added  to  the  DRO  output  in  addition  to  those  present 
on  the  pump.  The  resolution  of  this  beatnote  measurement  was  approximately  300  Hz, 
indicating  addition  frequency  jitter  of  a  few  100  Hz  in  the  individual  DRO  outputs.  This  is 
well  below  the  10  kHz  short  term  frequency  stability  of  the  pump  laser. 
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c.  Tuning  and  control 

The  combined  requirements  of  double  resonance,  conservation  of  energy,  and  phase 
matching  result  in  complicated  tuning  behavior  for  the  DRO.  An  analysis  of  tuning  that 
considers  temperature  dependent  dispersion,  thermal  expansion,  and  the  electro-optical 
and  piezoelectric  effects  is  presented  in  detail  in  Appendix  C  and  summarized  here.  Earlier 
analyses'5.1  are  extended  to  provide  a  quantitative  description  of  spectral  hops  between 
adjacent  axial  modes  and  the  larger  discontinuous  frequency  changes  of  cluster  jumps  in 
agreement  with  experimental  observations. 

Control  of  three  parameters  such  as  pump  frequency,  temperature,  and  applied 
electric  field  is  required  to  attain  optimum  phase  matching  and  frequency  matching  of  the 
cavity  resonances  for  DRO  operation.  If  mode  hops  are  prevented,  the  pump  frequency 
change  is  divided  between  the  DRO  signal  and  idler  Temperature  change  can  be  used  to 
maintain  phase  matching  and  applied  potential  to  maintain  frequency  matching  through 
feedback  techniques.  DROs  should  find  application  for  slowly  tuned,  incrementally 
tuned,  and  fixed  frequency  operation,  whereas  singly  resonant  optical  parametric 
oscillators  (SROs)  have  advantages  for  rapidly  tuned  and  transient  pulse  operation. 

With  at  least  three  partially  independent  control  parameters,  the  operation  of  the 
DRO  is  becoming  difficult  to  understand  on  an  intuitive  basis.  The  extended  theory 
provides  explanation  useful  for  devising  control  techniques  and  provides  information  on 
tolerances  required  for  stable  operation.  Considering  the  parameters  individually,  stable 
operation  of  the  monolithic  Mg0:LiNb03  DRO  described  above  requires  pump  frequency 


'  ^  J.  A.  Giordmaine  and  R.  C.  Miller,  "Optical  parametric  oscillation  in  LiNb03,"  in  Physics  of 

Quantum  Electronics,  P.  L.  Kelley,  B.  Lax  and  P.  E.  Tannenwald,  eds.  (McGraw,  New  York,  1966), 
pp.  31-42. 
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be  held  constant  within  5  or  10  MHz,  applied  potential  to  a  volt  or  so,  and  temperature  to 
approximately  0.001  *C.  The  pump  frequency  control  could  be  realized  with  good 
temperature  control  of  a  monolithic  solid-state  laser.  The  voltage  tolerance  is  also 
reasonable.  Temperature  control  to  a  millidegree,  particularly  at  a  temperature  near  270  “C 
would  pose  a  problem.  It  would  be  better  to  consider  temperature  control  and  voltage 
control  together.  Applied  potential  could  be  used  to  maintain  frequency  matching  of  the 
cavity  modes  compensating  for  temperature  drift  outside  of  the  fixed  parameter  operating 
range.  The  extent  of  voltage  change  required  to  maintain  stable  operation  could  then  serve 
as  an  error  signal  for  correenng  temperature  to  reach  the  best  phase  matching.  The  tuning 
and  control  theory  is  applied  to  the  2-pm  monolithic  MgO:LiNb03  DRO  in  section  Illb. 
First  some  more  basic  questions  of  threshold  are  considered. 


III.  Design  considerations  for  a  2-pni  DRO 

a.  Threshold 

The  pump  power  threshold  for  parametric  oscillation  is  an  important  parameter  in 
design  considerations.  Obviously  it  is  desirable  to  have  threshold  well  below  the  available 
pump  power.  If  pump  power  greatly  exceeds  threshold,  conversion  efficiency  will  be 
reduced  by  conversion  of  the  signal  and  idler  radiation  back  to  the  pump  by  the  inverse 
parametric  process.  Threshold  power  and  cavity  parameters  will  also  indicate  if  the 
proposed  operation  is  within  the  power  handling  capability  of  the  nonlinear  optical  material 
and  other  cavity  components. 

Threshold  calculations  are  presented  for  riKrnolithic  LiNb03  DROs  pumped  at  532 
nm.  Operation  near  degeneracy  with  MgO:LiNb03  is  considered  for  comparison  with 
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demonstrated  DROs,  and  thresholds  are  projected  for  operation  with  congruent  LiNb03  at 
signal  and  idler  outputs  near  2. 1  pm  and  700  nm.  These  calculations  are  compared  with 
other  materials  and  SRO  cavities.  The  threshold  relationship  used  here  is  that  given  by 
Boyd  and  Kleinman^^  and  considers  focused  Gaussian  beams  with  diffraction  and 
birefiingent  walkoff.  The  equation  as  used  here  is  restated  in  MKS  units,  This  equation 
and  definition  of  the  parameters  involved  are  given  in  Table  I.  Perfect  phase  matching  and 
perfect  frequency  matching  of  the  cavity  riKxles  is  assumed. 

In  calculating  thresholds  for  the  near  degeneracy  Mg0:LiNb03  DROs,  a  nonlinear 
coefficient  of  -4.7  pnVV  is  used.  This  value  was  obtained  by  phase-matched  second 
harmonic  generation^*  ,  and  it  it  slightly  smaller  than  the  value  for  congruent  lithium 
niobate  obtained  by  the  parametric  fluorescence  measurement  technique. The 
parametric  fluorescence  value  is  still  used  in  calculations  for  congruent  LiNb03.  The 
calculated  value  for  the  finesse  =  360  near-degeneracy  DRO  is  31  mW  good  agreement 
with  the  observed  value  of  35  mW.  The  calculated  value  for  the  finesse  =  960  DRO  is 
about  one-third  of  the  observed  value.  This  difference  could  be  due  to  errors  in  mode 
matching  or  transient  effects  which  would  occur  as  the  high  finesse  DRO  was  scanned 
through  resonances. 


^  ^  G.  D.  Boyd  and  D.  A.  Kleinman,  "Parametric  interaction  of  focused  Gaussian  light  beams,"  J.  Appl. 
Phys.  39,  pp.  3597-3639  (July  1968). 

R.  L.  Byer,  "Optical  parametric  oscillators,"  in  Quantum  Electronics:  A  Treatise,  vol.  1,  part  B,  H. 
Rabin  and  C.  L.  Tang,  cds.  (Academic,  New  York,  1975)  pp.  588-702. 

^  *  R.  C.  Eckardt,  H.  Masuda,  Y.  X.  Fan,  and  R.  L.  Byer,  "Absolute  and  relative  nonlinear  optical 
coefficients  of  KDP,  KD*P,  BaB204,  LiI03,  MgO:LiNb03.  and  KTP  measured  by  phase-matched 
second  harmonic  generation,"  to  be  published,  IEEE  J.  Quimtum  Electron.  26,  (May  1990). 

M.  M.  Choy  and  R.  L.  Byer,  "Accurate  Second-  Order  Suscqitibility  Measurements  of  Visible  and 
Infrared  Nonlinear  Crystals,"  Phys.  Rev.  B  14, 1693  (15  Aug.  1976). 
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Table  I.  Equations  for  DRO  and  SRO  threshold  pump  powers  and 
description  of  terms. 


ne^cXa^a^ 


3,DRO 


2  6)3^2(1.  ^2)2/  /,^(B.4) 


3.SRO 


COyil-r^)U  hJB4) 


/*3  threshold  pump  power  in  Watts 

£q  =  8.85  X  10'^2  Coulomb^/ Newton-m2 

c  =  3  X  10®  m/sec 

/ifl  =  ( «i  +  «2  ^  ^  where  Wj  and  n2  are  the  indices  of 
refraction  at  the  signal  and  idler  wavelengths  Aj  and  A^, 
and  1/Aj  +  l/A^  =  1  /A3  where  A3  is  the  pump  wavelength. 

2aj  =  cavity  round  trip  power  loss  at  Aj. 

202  “  cavity  round  trip  power  loss  at 

oJq  =  (  ct)j  +  tU2 )  /  2,  average  angular  frequency  in  radians 
per  sec.  £Uj  =  2  itc !  and  tUj  =  2  nc !  X^ 

d ,  nonlinear  optical  coefficient 

y  =  ( tUj  -  <^2 )  /  ( <Wj  +  0J2  ^  factor  that  determines 

increase  in  threshold  when  tuned  away  from  degeneracy. 

/  crystal  length  in  meters 

B  double  refraction  parameter,  B  =  0  for  90'  phasematching. 
In  other  cases  B  =  p{l  ci\/Iq/c  /2,  where  p  is  the 
birefringent  walkoff  angle. 

^  is  the  focusing  parameter  and  bp  is  the 

confocal  parameter  given  by  =  (  2R  I  -  /  ^  where  R 
is  the  radii  of  curvature  of  the  two  OPO  cavity  mirrors. 

)  OPO  gain  reduction  factor  (see  reference  10  or  13 
for  a  complete  explanation.)  For  B  =  0  there  is  a  broad 
maximum  of  =  1.068  at  $  =  2.84.  In  th^ase  which  is 
described  here  /  =  0.0125  m,  ^  =  1.29  and  =  0.89.  A 
second  example  >^ich  is  used  for  comparison  of  some  angle 
tuned  crystals  is  /i^(B=4,$=0.1  )  =  0.04. 
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Table  n.  Temperature-tuned,  noncrltlcally-phase-matched 
OPO  thresholds,  /  *  1.25  cm,  B  =  0,  {  =  1-29 


"1 

"2 

^Thiilc 

^ThXJbs 


4.7  pm/V* 
4.4  mW 
12  mW 


31  mW 
35  mW 


Material 

MgOiUNbOj— 

-*- 

congruent  LiNb03'^ 

oscillator 

DRO 

DRO 

DRO 

SRO 

TpM 

107’C 

* 

Finesse 

?-«960 

7=500 

^2  = 

^1 

1064  mn - 

nni 

1 

709  nm-  — 

- 

2.194 - ► 

2.272 - >■ 

2.253 - > 


5.6  pm/V - ►- 

20  row  6.4  W 


Table  m.  Thresholds  for  some  angle-tuned 
DROs,  7  -  500,  B  s  4,  {  =  0.1. 


Material 

congruent 

LiNbOj 

KTP 

KNbOj 

Phase 

matching 

Type-I 

Type-n 

Type-I 

45.4‘ 

53.9’ 

39.8* 

0 

30* 

0* 

90* 

P 

1.98* 

-2.74’ 

3.58' 

1 

2128  nm 

\ 

h 

709  nm 

3 

IfVM  nm  ^ 

532  nm 

"i 

2.193 

1.772 

2.198 

"2 

J 

1.722 

1.747 

t 

/ 

0.83  cm 

0.54  cm 

0.20  cm 

<4ff 

5.1  pm/V 

2.7  pm/V 

5.2  pm/V 

^■nelc 

3.6  W 

13  W 

2.9  W 
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A  finesse  of  500  is  assumed  for  the  2-jim  DRO.  Congruent  LiNb03  is  used  in  the 
calculation  because  it  phase  matches  at  a  temperature  about  100  ‘C  lower  than 
Mg0:LiNb03.  The  calculated  threshold  for  the  532-nm-pumped,  2-p.m  DRO  is  20  mW. 
This  level  of  pump  radiation  is  easily  produced  by  externally  resonant  second  harmonic 
generation  of  diode-laser-pumped  Nd:YAG  lasers.  The  threshold  for  a  532-nm-pumped, 
2-pm  SRO  is  more  than  two  orders  of  magnitude  larger.  Some  of  the  details  of  these 
calculations  are  given  in  Table  n.  For  comparison,  the  results  of  threshold  calculations  for 
three  angle  tuned  DROs  are  given  in  Table  HI.  Birefringent  walkoff  greatly  increases 
these  thresholds,  which  are  also  a  couple  of  orders  of  magnitude  higher  than  the  threshold 
for  the  noncritically-phase-matched  DRO.  Two  noncritically-phase-matched  steps  of 
nonlinear  optical  frequency  conversion,  second  harmonic  generation  followed  by 
parametric  oscillation,  are  easily  achieved  using  existing  diode-pumped  solid-state  lasers 
as  sources  of  pump  radiation. 

b.  Tuning  and  control  projections 

The  DRO  tuning  and  control  theory  described  in  Appendix  C  is  applied  to  the  532- 
nm-pumped,  2-pm  DRO  in  this  section.  The  same  monolithic  ring  geometry  is  assumed 
as  used  for  the  near-degeneracy  DROs.  The  nonlinear  optical  material  is  congruent 
LiNb03  which  will  phase  match  at  about  263*C.  The  phase-matching  tuning  curve  is 
shown  in  Fig.  la.  The  temperature  range  is  restricted  to  above  180°C  and  below  3(X)'C. 
Operating  above  the  lower  limit  avoids  any  problem  with  photorefractive  changes  in  the 
material  when  pumped  with  intense  green  light  The  higher  limit  is  chosen  to  avoid 
thermal  damage  to  the  dielectric  coatings.  The  multilayer  Si02-Ti02  coatings  are  applied  at 
275*C;  the  upper  temperature  limit  for  their  use  is  unknown,  but  300*0  should  be  safe. 

Test  coatings  on  a  congruent  LiNb03  wafer  had  minimum  transmission  of  0. 14%  at 
2090  nm  and  712  nm.  The  coating,  which  is  a  quarter  wave  stack  at  2. 1  pm,  is  a  three- 
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quarter  wave  stack  at  0.7  M.m  where  it  also  has  high  reflectivity.  Transmission  was  less 
than  0.5%  (indicating  greater  than  99.5%  reflectivity)  from  1980  -  2090  nm  and  from  695 
-  729  nm.  Coating  reflectivity  is  expected  to  limit  the  tuning  range. 

The  phase-matching  requirement  and  the  conservation  of  energy  condition  that  signal 
and  idler  frequencies  sum  to  the  pump  frequency  specify  the  phase-matching  curve.  In 
addition  the  DRO  must  have  the  signal  and  idler  resonances  coincide  in  satisfying  the 
conservation  of  energy  condition.  The  result  of  this  additional  constraint  is  seen  in  high- 
resolution  examination  of  DRO  tuning  which  shows  the  output  occurring  near  one  of  the 
three  cluster  curves  closest  to  phase  matching.  Calculated  cluster  curves  for  temperature 
nining  at  constant  applied  potential  are  shown  in  Fig.  lb,  and  for  electric-field  tuning  at 
constant  temperature  are  shown  in  Fig.  2a .  The  cluster  curves  are  displayed  with  the 
phase-matching  curve  and  the  gain- bandwidth  limit  in  these  figures. 

Examining  the  tuning  along  an  individual  cluster  curve  in  even  greater  detail  will 
show  the  DRO  output  occuiring  in  a  series  of  mode  hops.  Dispersion  becomes 
significantly  larger  for  signal  and  idler  when  the  DRO  is  tuned  far  from  degeneracy  as  is 
the  case  for  a  532-nm-pumped  OPO  with  outputs  at  709  and  2128  nm.  The  result  will  be 
that  the  cavity  resonance  widths  will  limit  tuning  to  a  smaller  range  than  the  tuning  range 
between  mode  hops.  The  widths  of  the  cavity  resonances  are  related  to  the  cavity  finesse. 
A  finesse  of  500  is  again  assumed  for  these  calculations.  This  finesse  also  corresponds  to 
a  round  trip  power  loss  of  1.13%,  well  within  what  is  possible  with  the  reflectivity  of  the 
test  coating.  A  detailed  calculation  of  electric  field  tuning  along  a  cluster  curve  at  constant 
temperature  and  constant  pump  frequency  is  shown  in  Fig.  2b.  Three  calculations  of 
single  parameter  tuning  for  electric  field,  temperature,  and  pump  frequency  are  shown  in 
Figs.  3a,  b,  and  c. 
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Fig.  1 .  (a)  Phase-matching  curve  for  a  temperature-tuned  congruent  LiNb03  OPO 
pumped  at  532  nm.  (b)  A  more  detailed  calculation  on  an  expanded  scale  shows  the  cluster 
curves  and  gain-bandwidth  limits  it  addition  to  the  phase-matching  curve.  DRO  output 
follows  the  cluster  curves  but  is  restricted  to  the  regions  near  phase  matching. 
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141.1 


(b) 

I 


Rg.  2.  (a)  The  cluster  curves  are  also  dependent  on  electric  field  tuning.  An  even  more 
examination  of  tuning  along  a  cluster  curve  will  show  the  DRO  tuning  in  mode 
hops  (b).  The  DRO  cavity  finesse  may  limit  output  to  only  a  fraction  of  the  spacing 
between  mode  hops. 
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0.0  0.1  0.2 
PUMP  FREQUENCY  CHANGE  (GHi) 

Fig.  3.  Tuning  calculations  displayed  on  a  further  expanded  scale  show  the  tolerances 
required  of  a  single  tuning  parameter  when  the  other  parameters  are  held  constant.  These 
calculations  are  centered  on  ^  =  S32  nm,  T  =  263  *C,  and  V  =  318.7  V.  Applied  potential 
is  varied  while  pump  frequency  and  temperature  are  held  constant  in  (a).  Tenq)erature  is 
varied  in  (b),  and  pump  ftequency  is  varied  in  (c). 
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Parameter  tolerances  are  similar  to  those  for  the  near-degeneracy  DRO.  Changes  in 
the  pump  frequency  will  be  nearly  equally  divided  between  signal  and  idler  until  a  mode 
hop  occurs.  At  any  given  temperature  within  the  broad  phase-matching  range,  stable 
operation  will  require  applied  potential  be  held  within  approximately  one  volt. 

Temperature  can  be  adjusted  to  reach  optimum  phase  matching,  provided  voltage 
adjustment  can  follow  to  maintain  frequency  matching  of  the  cavity  modes.  Voltage 
dither-and-lock  techniques  should  be  well  suited  for  this  application.  It  will  be  required 
that  the  dither  frequency  be  greater  than  the  cutoff  frequency  for  thermal  effects  in  the 
monolithic  resonator.  The  tuning  and  control  requirements  of  this  2-4m  DRO  aie  within 
the  capabilities  of  existing  technology. 

c.  Issues  to  be  resolved 

We  are  now  to  the  stage  of  having  components  prepared  to  attempt  2-|im  DRO 
operation  in  a  standing  wave  cavity.  This  will  provide  the  first  experimental  measurement 
of  threshold  and  will  demonstrate  that  the  high-reflection  coatings  can  stand  up  to  the 
thermal  cycle.  After  this  demonstration,  the  standing  wave  resonators  will  be  fabricated 
into  ring  geometry  and  electrodes  will  be  applied  for  electric  field  tuning. 

Several  problems  became  apparent  in  the  course  of  the  pulsed  and  CW  DRO 
experiments.  The  Mg0:LiNb03  exhibited  a  lifetime  of  approximately  100  hours  of  use  in 
resonant  cavity  second  harmonic  generation  and  parametric  oscillation.  Congruent 
LiNb03  has  performed  well  at  high  temperatures  with  good  damage  resistant  properties. 
There  is  reason  to  expect  that  this  material  will  also  perform  well  for  a  2-jim  OPO  pumped 
at  532  nm.  We  are  investigating  the  use  of  other  nonlinear  optical  material  to  achieve 
stable,  high-power  second  harmonic  generation.  In  preliminary  results,  1  watt  CW  power 
at  532  nm  has  been  achieved  using  barium  metaborate.  Other  materials  including  KTP, 
LiI03,  LiB305,  and  KNb03  are  also  being  considered  for  harmonic  generation.  We  are 
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also  continuing  to  work  with  Mg0:LiNb03  searching  for  conditions  in  which  the  long 
term  damage  can  be  avoided. 

Another  problem  is  related  to  heating  in  the  nonlinear  material.  There  is  some  optical 
absorption  in  any  material.  The  0.37%  internal  loss  per  round  trip  transit  that  we  observed 
in  the  CW  DRO  is  caused  by  scattering  and  absorption  in  the  bulk  material  and  on  the 
surfaces.  The  portion  that  is  due  to  absorption  will  cause  heating  of  the  crystal  and 
instability  in  the  operation  of  a  monolithic  DRO.  The  observation  that  stable  operation 
could  be  achieved  for  a  minute  at  a  time  with  no  feedback  control  indicated  that  this 
problem  is  manageable  in  Mg0:LiNb03.  However,  the  difference  in  tuning  from  two 
directions  indicates  the  presence  of  an  absorption  problem.  Tuning  from  one  direction 
seems  to  be  self  stabilizing.  As  the  resonance  is  approached,  the  oscillation  builds  up 
causing  heating  in  the  crystal  having  the  effect  of  preventing  the  resonance  from  being 
approached  more  closely.  Tuning  from  the  other  direction,  however,  the  heating  quickly 
draws  the  oscUlation  into  and  through  the  resonance.  We  have  assembled  a  laser 
calorimeter  capable  of  measuring  small  levels  of  absorption.  We  plan  to  evaluate  nonlinear 
materials  for  bulk  and  surface  absorption. 


III.  Summary 

The  demonstration  of  a  2-nm  OPO  with  stable,  single-frequency,  CW  output 
suitable  for  use  in  injection  seeding  pulsed  Holmium  or  Thulium  lasers  or  injection  locking 
CW  lasers  continues  to  be  an  active  research  project  We  have  made  a  number  of 
advances  toward  this  goal,  and  have  shown  that  this  technique  remains  viable.  In  the 
course  of  this  investigation,  more  general  use  of  optical  parametric  oscillation  as  a  precise 
and  versatile  technique  for  optical  frequency  synthesis  have  become  apparent. 
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It  was  show  that  both  pulsed  and  CW  DROs  routinely  produce  single  axial  mode 
signal  and  single  axial  mode  idler  radiation.  The  addidonal  constraint  of  the  double 
resonance  condition  provides  the  frequency  selectivity  that  makes  this  possible,  but  also 
results  in  a  complex  tuning  behavior.  We  have  extended  DRO  tuning  and  control  theory  to 
more  fully  describe  the  tuning  behavior.  This  theory  extension  was  based  on  the 
experimental  observations  made  with  the  monolithic  DROs  operating  near  degeneracy. 

The  tuning  of  the  DRO  is  complicated  enough  that  this  theoretical  description  should  be 
useful  in  attaining  stable,  single-frequency,  continuously  tuned,  and  incrementally  tuned 
operation  of  the  DRO. 

Measurements  of  the  coherence  properties  of  the  DRO  demonstrate  the  ability  to 
reproduce  the  frequency  stability  of  the  pump  radiation  in  the  output  of  the  DRO.  The 
diode-laser-pumped  sohd-state  lasers  used  to  generate  pump  radiation  are  inherently  stable 
source  which  produce  frequency  stability  in  the  10  kHz  range  over  fractional-second 
periods  and  a  few  MHz  long  term  stability.  Sub-hertz  relative  stability  has  be  achieved  by 
locking  to  reference  cavities,  and  absolute  frequency  stability  of  a  few  hundred  hertz  by 
locking  to  molecular  absorptions  now  apjjears  possible.  The  doubly  resonant  optical 
parametric  oscillator  has  the  potential  to  convert  the  frequency  stability  to  arbitrary 
frequencies  extending  over  broad  tuning  ranges.  This  optical  frequency  synthesis 
capability  will  be  a  valuable  tool  in  spectroscopy,  remote  sensing,  metrology, 
communications,  and  optical  signal  processing. 
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A  monolithic  doubly  resonant  optical  parametric  osciltator  (OPO)  fabricated  from  MgOiLiNbOs  was  pumped  by  a 
cw,  frequency-doubled,  diode- laser-pumped  Nd:YAG  laser.  The  threshold  for  cw  operation  was  12  mW,  and  pump 
depletions  of  up  to  78%  were  observed  two  times  above  threshold.  The  total  OPO  output  power  was  8. 15  mW,  with  a 
conversion  efficiency  for  the  incident  pump  of  34%  and  combined  conversion  efficiency  for  the  1064-nm  laser  light  of 
14%.  The  OPO  was  temperature  tuned  from  1007  to  1 129  nm,  operated  on  a  single-azial-mode  pair  over  most  of  the 
range,  and  could  be  electric  field  tuned  by  as  much  as  38  nm  near  degeneracy. 


Optical  parametric  oscillators^  (OPO’s)  are  currently 
enjoying  a  revival  of  interest.  New  materials  and  im¬ 
proved  pump  sources  are  enabling  OPO’s  to  live  up  to 
their  decades-old  promise  of  providing  efficient,  nar¬ 
row-band,  widely  tunable  sources  of  light.  In  the  cw 
long-pulse  regime  OPO’s  have  been  demonstrated  in 
lithium  niobate  (LiNbOa)  as  narrow-linewidth  sources 
using  the  singly  resonant  configuration^  and  in 
LiNbOa  waveguide  devices  with  low  thresholds.^  A 
single-mode  injection-seeded  pump  source  was  used  in 
a  demonstration  of  a  pulsed  narrow-bandwidth 
LiNbOa  OPO  for  high-resolution  spectral  measure¬ 
ments  near  3.4  ^im.^  Barium  metaborate  (BaB204) 
has  been  used  in  OPO’s  with  an  injection-seeded  laser 
pump  source  for  improved  linewidth  and  stability® 
and  to  extend  pulsed  OPO  operation  to  ultraviolet 
wavelengths.®  Improved  infrared  nonlinear  materials 
such  as  silver  gallium  selenide  (AgGaSea)  have  been 
used  for  broadly  tunable  mid-infrared  OPO’s."^ 
OPO’s  are  also  widely  used  in  studies  on  squeezed 
states  of  light.®"'®  We  report  here  on  the  stable  cw 
single-mode  operation  of  a  doubly  resonant  OPO 
pumped  by  a  frequency -doubled,  di(^e-laser-pumped 
Nd:YAG  laser. 

Early  efforts  at  running  doubly  resonant  OPO’s 
were  plagued  by  instabilities.  As  the  doubly  resonant 
OPO  is  overconstrained  by  the  requirements  of  energy 
conservation,  phase  matching,  and  simultaneous  reso¬ 
nance  of  signal  and  idler  waves,"’"^  perturbations  on 
the  pump  frequency  or  OPO  cavity  length  can  cause 
large  power  fluctuations  and  mode  hopping  of  the 
OPO.  However,  because  OPO’s  are  of  great  potential 
importance  as  spectroscopic  sources,  as  sources  for 
injection  seeding  or  locking,  and  for  quantum  optics, 
we  have  worked  to  overcome  the  problems  of  doubly 
resonant  OPO’s  by  using  frequency-stable,  single¬ 
mode,  diode-laser-pump^  solid-state  lasers.  The 
high  efficiency,  compactness,  and  exceptional  fre¬ 
quency  stability  of  these  laser  pumps  have  led  to  excel¬ 
lent  stability  and  efficiency  for  OPO  operation.  The 
monolithic  cavity  design  of  the  OPO  also  contributes 
to  the  device  performance,  making  possible  an  OPO 


with  a  low  threshold  that  runs  in  a  single-mode  pair  as 
discussed  below. 

Previously  we  demonstrated  a  pulsed  doubly  reso¬ 
nant  OPO  (DRO)  of  monolithic  design  fabricate  from 
5%  magnesium-oxide-doped  LiNbOs  (MgO; 
LiNbOa).'®  Mg0:LiNb03  was  chosen  because  of  its 
low  loss  at  1064  nm,  noncritical  phase  matching,  and 
reduced  photorefractive  effect.  The  400-nsec  pulse 
lengths  of  the  pump  light  were  too  short  for  the  DRO 
to  reach  steady-state  operation.  In  spite  of  excellent 
pump  depletion,  energy  conversion  efficiencies  were 
relatively  low  owing  to  the  long  buildup  time  that 
extended  across  much  of  the  pump  pulse.  The  pulsed 
DRO  appeared  to  run  in  a  single-mode  pair  over  much 
of  its  range  but  would  drift  from  mode  to  mode  as  the 
pump  power  and  crystal  temperature  fluctuated. 

To  achieve  cw  operation  we  fabricated  a  monolithic 
OPO  resonator  of  MgO.’LiNbOs  with  reduced  output 
coupling,  and  thus  lowered  the  threshold.  Two  spher¬ 
ical  surfaces  of  10-nun  radius  of  curvature  were  pol¬ 
ished  on  the  ends  of  the  12.5-mm-long  crystal  along 
with  a  total-intemal-reflection  face  perpendicular  to 
the  z  axis  to  provide  a  ring  resonant  path.  Metal 
electrodes  were  deposited  on  the  two  surfaces  perpen¬ 
dicular  to  they  axis  to  allow  electric-field  tuning.  The 
ring  geometry  was  used  to  obtain  maximum  conver¬ 
sion  and  to  avoid  feedback  problems.'*  Dielectric 
mirrors  were  deposited  directly  onto  the  ends  of  the 
crystal,  with  the  specification  that  the  output  coupler 
be  0.5%  transmitting  and  the  other  end  be  highly  re¬ 
flecting  at  1064  nm  and  highly  transmitting  at  532  nm. 
The  double-resonance  condition  for  the  signal  and 
idler  was  satisfied  by  operating  near  degeneracy.  The 
pump  light  was  not  resonated  in  this  DRO. 

The  ^esse  of  the  DRO  resonator  was  measured 
using  the  1064-nm  Nd:YAG  laser.  An  electric  field 
was  applied  across  the  crystal  y  axis,  and  the  elec¬ 
tro-optic  and  dai  piezoelectric  coefficients  were  used 
to  scan  the  optical  cavity  length.  The  finesse  at  1064 
nm  was  measured  to  be  960,  with  a  voltage  of  1506  V 
required  to  scan  Ute5.1-GHz  free  spectral  range.  This 
finesse  implies  a  cold  cavity  loss  of  0.58%.  The  crystal 
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Fig.  1.  Pump  depletion  of  the  cw  ORO  versus  the  number 
of  times  above  threshold  (pump  power  divided  by  threshold 
power). 


bulk  losses  are  expected  to  be  of  the  order  of  0.4%. 
The  high-reflector  (pump)  end  of  the  crystal  had  a 
transmittance  at  532  nm  of  87%. 

The  DRO  was  pumped  with  the  resonantly  en¬ 
hanced  second  harmonic  of  the  cw  diode-laser- 
pumped  Nd:YAG  laser.*®  The  second-harmonic  pow¬ 
er  was  approximately  24  mW  in  a  single  mode  for  57 
mW  of  1064-nm  light  incident  upon  the  crystal. 
Pump  light  at  532  nm  was  mode  matched  into  the 
DRO  with  a  single  lens. 

For  total  cavity  losses  of  0.58%,  the  calculated 
threshold*  *®  of  the  DRO  is  3.2  mW  of  incident  pump 
power  at  532  nm,  assuming  perfect  spatial  mode  cou¬ 
pling  of  the  pump  into  the  OPO  resonator.  The 
threshold  was  measured  experimentally  to  be  12  mW. 
The  discrepancy  can  be  accounted  for  by  noting  the 
extreme  sensitivity  of  the  DRO  threshold  to  cavity 
losses  and  to  mode  matching. 

Pump  depletion  of  the  532-nm  pump  radiation  ver¬ 
sus  the  number  of  times  above  threshold  is  shown  in 
Fig.  1.  These  data  were  taken  by  scanning  the  crystal 
voltage  with  the  DRO  oscillating  at  a  signal  wave¬ 
length  of  1035  nm  and  idler  of  1096  nm  and  observing 
the  point  of  maximum  pump  depletion.  At  two  times 
above  threshold  the  pump  depletion  was  78%.  The 
DRO  resonator  is  tightly  focu^  (wo  *  27  nm),  thus 
limiting  the  applicability  of  existing  theories  for  pump 
depletion  of  Gaussian-intensity  pump  radiation. 
However,  the  pump-depletion  data  are  in  good  agree¬ 
ment  with  the  plane-wave,  transient-regime  theory  of 
Bjorkholm.*^ 

With  no  active  feedback  control,  the  DRO  would 
run  cw  and  almost  always  in  a  single-mode  pair  at  a 
flxed  temperature  and  voltage.  In  this  context  single 
mode  refers  to  operation  with  a  single  signal  and  a 
single  idler  axial  mode,  or  two  unique  frequencies.  A 
dither-and-lock  servo  was  used  on  the  crystal  voltage 
to  lock  the  OPO  to  its  maximum  power  point.  For  the 
DRO  miming  at  a  1043-nm  signal  and  a  1086-nm  idler, 
a  total  output  power  of  8.15  mW  of  signal  and  idler 
power  was  observed  for  approximately  24  mW  of  inci¬ 
dent  532-nm  pump  light.  The  conversion  efficiency  is 
34%  for  the  incident  pump  and  39%  for  the  transmit¬ 
ted  pump.  With  57.4  mW  of  1064-nm  light  incident 
upon  the  doubling  crystal,  this  represents  a  14.2%  con¬ 
version  efficiency  of  the  Nd:YAG  laser  light  to  tunable 


single-axial-mode  power  after  two  nonlinear  process¬ 
es,  and  a  1.6%  conversion  efficiency  of  the  500-mW 
diode  laser  used  to  pump  the  Nd:YAG  laser.  At  an 
estimated  75%  pump  depletion,  the  conversion  effi¬ 
ciency  implies  an  output-coupler  efficiency  of  50%, 
which  is  somewhat  higher  than  expected  from  the  loss 
as  deduced  from  the  flnesse  measurement  and  the 
presumed  bulk  crystal  losses.  The  stability  of  Che 
OPO  output  power  and  servo  locking  was  limited  by 
that  of  the  frequency-doubling  system  to  operation  of 
only  a  few  minutes  at  a  time. 

The  single-mode  condition  could  be  confirmed  at  a 
fixed  voltage  using  a  scanning  confocal  interferometer 
with  a  3(X)-MHz  free  spectrd  range.  Figure  2  shows 
an  interferometer  scan  of  slightly  more  than  one  inter¬ 
ferometer  free  spectral  range.  The  stability  of  the 
transmission  peaks  suggested  that  the  DRO  frequency 
was  stable  to  within  a  few  megahertz  (the  resolution  of 
the  instrument)  and  potentially  was  much  more  sta¬ 
ble.  With  the  DRO  servo  locked  to  a  particular  axial¬ 
mode  pair,  the  DRO  signal  frequency  could  track  laser 
frequency  tuning  as  much  as  90  MHz  without  a  mode 
hop.  This  tuning  bandwidth  was  observed  for  a  signal 
wavelength  of  1043  nm  and  an  idler  wavelength  of 
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Fig.  2.  Scanning  interferometer  trace  of  the  DRO  output 
light.  The  higher  peaks  are  signal,  the  lower  peaks  are  idler. 
The  diflerence  is  attributed  to  the  wavelength  dependence 
of  detector  sensitivity. 


Fig.  3.  Temperature  tuning  of  the  DRO  showing  signal  and 
idler  wavelengths.  The  Im  represent  the  extent  over 
which  the  DRO  could  be  tuned  at  a  flxed  temperatura  by  the 
applied  electric  fleld  (V-..  ■  1100  V).  The  solid  curve 
shows  the  gain  center  as  determined  by  the  temperature- 
tuned  phase-matching  condition,  and  the  dashed  curves  are 
drawn  at  plus  and  minus  one  cluster  spacing  away  from  the 
gain  center. 
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Fig.  4.  Voltage  tuning  of  the  DRO  showing  the  signal  wave¬ 
lengths  only.  At  a  flzed  temperature  several  different  clus¬ 
ters  are  able  to  oscillate. 


1085  nm  and  is  expected  to  be  a  strong  function  of 
operation  relative  to  degeneracy. 

Coarse  ttining  of  the  output  wavelengths  was  accom¬ 
plished  hy  adjusting  the  crystal  temperature,  with  fine 
control  provided  by  the  applied  crystal  voltage  that 
controlled  the  cystal  opticd  path  length  and  birefrin¬ 
gence.  The  DRO  could  be  tuned  from  degeneracy 
with  both  signal  and  idler  at  1064  nm  to  a  signal  wave¬ 
length  of  1007  nm  and  a  corresponding  idler  of  1129 
nm.  The  temperature  tuning  range  was  limited  by  the 
bandwidth  of  the  dielectric  coatings.  Figure  3  shows 
the  wavelength  temperature  tuning  dependence.  The 
bars  represent  the  extent  that  the  volt^e  scan  of  1100 
V  was  able  to  tune  the  output  at  a  flx^  temperature 
and  are  not  error  bars.  As  the  crystal  voltage  was 
scanned,  the  double-resonance  condition  would 
change  and  the  DRO  would  hop  axial  modes.  The 
mode  hopping  occurred  along  series  of  adjacent  axial¬ 
mode  pairs  known  as  a  clusters.  The  solid  curve  in 

Figure  3  shows  the  gain  center  as  determined  by  the 
temperature-tuned  phase-matching  condition,  and 
the  dashed  curves  are  drawn  at  plus  and  minus  one 
cluster  spacing  away  from  the  gain  center,  which  is 
also  equal  to  the  gain  bandwidth. 

At  a  fixed  temperature  two  or  even  three  clusters 
were  able  to  oscillate  in  a  small  voltage  range.  Figure 
4  shows  the  cluster  tuning  as  a  function  of  applied 
voltage  with  the  curves  parameterized  by  crystal  tem¬ 
perature  for  four  different  temperatures.  The  clus¬ 
ters  may  have  their  signal  wavelengths  separated  by  as 
much  as  17  nm  near  degeneracy  and  are  separated  by 
«3  nm  for  operation  near  the  tuning  limit.  Near  de¬ 
generacy  a  single  cluster’s  signal  wavelength  could  be 
scanned  as  much  as  18.6  nm  (or  5.0  THz)  with  the 
application  of  924  V  to  the  crystal.  This  gives  a  total 
waveleng^  scan  for  the  cluster  of  38  nm  (or  10.0  THz) 
when  the  idler  wavelength  is  included. 

In  conclusion,  we  have  demonstrated  stable,  effi¬ 
cient,  cw  single-mode  operation  of  a  DRO  pumped  by 


a  frequency-doubled,  diode-laser-pumped  Nd:YAG 
laser.  The  device  was  tuned  from  1007  to  1129  nm 
and  exhibited  a  34%  conversion  efficiency  from  532- 
nm  pump  light  to  signal  and  idler  power.  Pump  de¬ 
pletions  of  78%  were  observed.  Detailed  studies  and 
modeling  of  the  microscopic  tuning  behavior  and  OPO 
linewidths  are  being  carried  out.  The  possibility  of 
DRO’s  with  a  signal-to-idler  frequency  ratio  of  3:1  and 
cw  singly  resonant  OPO’s  and  the  use  of  this  class  of 
OPO  for  production  of  sub-shot-noise  correlation  light 
beams  are  being  explored. 
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We  describe  a  doubly  resonant  optical  parametric  oscillator  (DRO)  pumped  with  the  second  harmonic  of  a  narrow- 
linewidth  Nd:  YAG  laser.  The  linewidth  of  the  DRO  signal  was  less  than  13  kHz.  the  DRO  was  shown  to  generate  a 
phase-locked  subharmonic  of  the  pump  at  degeneracy,  and  the  signal  and  the  idler  were  shown  to  be  mutually 
coherent  with  the  pump  and  to  be  phase  anticorrelated  with  each  other  away  from  degeneracy.  The  signal-idler 
heterodyne  linewidth  was  .500  Hz.  and  pump  phase  modulation  was  shown  to  transfer  to  the  DRO  phase  at 
degeneracy. 


1.  INTRODUCTION  AND  REVIEW 

Doubly  resonant  optical  parametric  oscillators'  (DRO’s)  are 
the  only  type  of  optical  parametric  oscillator  to  be  routinely- 
operated  above  threshold  cw  and  thus  have  the  greatest 
potential  for  narrow-linewidth  coherent  operation.  Coher¬ 
ence  studies  of  DRO's  have  been  limited  historically  by  the 
DRO's  extreme  sensitivir-  to  cavity  stability  and  pump  fluc¬ 
tuations  since  they  are  overconstrained  by  the  requirements 
of  energy  conservation,  phase  matching,  and  simultaneous 
resonance  of  signal  and  idler  waves.-’  In  pioneering  re¬ 
search.  Smith  reviewed  DRO  operation  and  tuning  theory 
and  pumped  a  Ba.NaNbO  DRO  with  a  frequency-stabilized 
argon-ion  laser  to  achieve  single-mode  operation  for  a  few 
seconds  at  a  time.  .More  recently  workers  studying 
squeezed  states  have  operated  DRO's^  and  triply  resonant 
optical  parametric  oscillators'-'  (OPO'sl  above  threshold 
but  have  not  reported  on  the  linewidths  or  other  coherence 
properties.  Triply  resonant  OPO's  are  even  more  highly- 
constrained  above  threshold  than  are  DRO’s.  Advances 
have  also  been  made  in  the  field  of  singly  resonant  OPO’s,'*  ^ 
but  here  linewidths  have  been  limited  to  greater  than  30 
MHz  iRef.  10)  by  the  need  for  pulsed  laser  pump  sources. 

The  basic  operations  of  our  monolithic  doubly  resonant 
OPO  has  been  described  in  Refs.  1 1  and  12.  To  summarize, 
we  reported  on  a  DRO  fabricated  from  MgO:LiNbOi 
pumped  by  a  cw,  frequency-doubled,  diode-laser-pumped 
Nd;YAG  laser.'  ’  MgO:LiNbOi  was  choaen  for  its  low  loss, 
high  nonlinearity,  and  noncritical  phase  matching.  The 
monolithic  crysul  resonator  design  is  shown  in  Fig.  1.  Di¬ 
electric  mirrors  were  deposited  directly  upon  the  spherically 
curved  surfaces  of  the  resonator,  and  a  traveling-wave  ring 
path  was  formed  for  the  ordinary  polarized  signal  and  idler 
waves  by  the  use  of  the  total-internal-reflection  surface. 
Pump  light,  which  was  polarized  extraordinarily,  was  not 
resonant  for  the  ring  path  because  of  bireflection  at  the 
crysul  surfaces.  The  length  of  the  crysul  was  1 2.5  mm,  and 
the  radii  of  the  mirrors  were  10  mm,  providing  a  27-Mm  focus 
inside  the  crysul  at  1064  nm  and  a  resonator  free  spectral 
range  of  5.088  GHz.  The  crysul  wm  heated  in  an  oven  to 
107*C  or  greater  to  phase  match  the  parametric  inuraction 
noncritically. 

Threshold  for  cw  operation  was  12  mW,  and  pump  deple¬ 


tions  of  as  much  as  78%  were  observed  at  2  times  above 
threshold.  The  total  DRO  output  power  was  8.15  mW,  with 
a  conversion  efficiency  for  the  incident  pump  of  34%  and  a 
combined  conversion  efficiency  for  the  10€4-nm  laser  light 
of  14%.  The  DRO  was  temperature  tuned  from  1007  to  1 129 
nm,  operated  on  a  single-axial-mode  pair  over  most  of  the 
range,  and  could  be  electric-field  tuned  by  as  much  as  38  nm 
near  degeneracy. 

In  this  paper  we  describe  the  coherence  properties  of  the 
DRO.  including  its  narrow  linewidth  and  exceptional  stabil¬ 
ity.  The  high  performance  of  the  device  permitted  the  dem¬ 
onstration  of  pump-DRO  phase  locking  at  degeneracy. 
pump-DRO  phase  correlations,  signal-idler  heterodyne 
measurements,  and  pump-DRO  phase  transmodulation, 
which  have  not  to  our  knowledge  previously  been  observed. 


2.  PUMP  SYSTEMS 

The  DRO  was  previously  pumped  with  the  resonantly  dou¬ 
bled  output  of  a  diode-laser-pumped,  single-frequency,  cw 
Nd.YAG  laser.  Because  of  problems  with  residual  photore- 
fractive  damage  in  the  MgOiLiNbO^  doubler  and  the  need 
for  greater  power  at  the  second-harmonic  (532-nm)  wave¬ 
length,  we  developed  a  multiwatt  injection-locked  NdiYAG 
laser  system  capable  of  producing  as  much  as  13  W  of  cw 
power  at  1064  nm  with  an  estimated  linewidth  of  5-10  kHz.'^ 
Single-pass  frequency  doubling  in  a  2-cm  piece  of 
MgOiLiNbOa  produced  more  than  120  mW  of  power  at  532 
nm  for  10-W  input  at  1064  nm.  As  will  be  seen  below,  it  is 
highly  advantageous  to  use  the  second  harmonic  of  a  master 
laser  as  an  OPO  pump.  The  second-harmonic  pump  source 
is  derived  from  the  1064-nm  fundamental,  which  provides  a 
local-oscillator  frequency  and  phase  reference  that  can  be 
used  in  coherence  measurements  of  degenerate  and  near- 
degenerate  operation  of  the  DRO. 

3.  DRO  SIGNAL  LINEWIDTH 

Earlier'-  we  estimated  an  upper  bound  of  the  DRO  linewidth 
to  be  a  few  megahertz,  based  on  scanning  Fabry-Perot  inter¬ 
ferometer  measurements.  To  determine  the  linewidth  rig¬ 
orously  we  performed  a  heterodyne  beat-note  measurement. 
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Fig.  1.  Monolithic  DRO  crystal  cavity  design.  Dielectric  mirrors 
that  are  highly  reflective  for  the  signal  and  the  idler  and  transmit 
the  pump  are  deposited  directly  upon  the  curved  ends  of  the 
MgOiLiNbOi  resonator,  mi.  highly  reflecting  at  :iD64  nm,  T  «  85% 
at  532  nm.  m;;,  T  «  0.5%  at  1064  nm. 

using  an  independent  Nd;GGG  single-frequency  nonplanar 
ring  laser. The  NdtGGG  laser  oscillator  has  a  wavelength 
of  1062.2  nm  instead  of  the  NdrYAG  wavelength  of  1064.2 
nm.  and  this  enabled  us  to  perform  the  beat-note  measure¬ 
ment  well  away  from  degeneracy  (by  ^  531  GHz.  or  104  DRO 
free  spectral  ranges).  The  free-running  linewidth  of  this 
type  of  monolithic  ring  laser  has  been  measured  by  a  number 
of  workers*®’ to  be  of  the  order  of  5-10  kHz  for  short-term 
jitter. 

The  experimental  layout  is  shown  in  Fig.  2.  The  injec¬ 
tion-locked  Nd:YAG  pump  laser  was  frequency  doubled, 
and  the  fundamental  and  the  second  harmonic  were  separat¬ 
ed  with  a  Pellin-Broca  prism.  The  second-harmonic  power 
was  mode  matched  into  the  monolithic  DRO  cavity,  and  the 
output  power  (signal  and  idler)  was  combined  with  the 
NdiGGG  oscillator  output  on  a  beam  splitter.  One  beam 
was  then  detected  with  a  fast  photodiode  and  analyzed  with 
a  Hewlett-Packard  8566B  22-GHz  rf  spectrum  analyzer. 
The  other  beam  was  sent  through  an  /  ■  1  m  spectrometer 
with  a  charge -coupled -device  camera  focused  on  its  image 
plane  to  monitor  the  coincidence  of  the  DRO  signal  wave¬ 
length  with  the  Nd:GGG  laser  line.  The  DRO  was  tuned 
with  temperature  to  near  degeneracy,  and  then  the  voltage 
was  adjusted  to  fine-tune  the  signal  frequency  until  a  beat 
note  was  observed.  The  idler  frequency  was  too  far  away 
1 1  THz)  to  play  a  role  in  the  heterodyne  measurement.  The 
DRO  was  free  running  and  was  not  servo  locked  for  this 
measurement. 

A  typical  rf  beat-note  spectrum  is  shown  in  Fig.  3.  The  3- 
dB  full  linewidth  of  the  beat  note  was  13  kHz,  limited  by 
beat-note  carrier  jitter.  The  sidebands  at  230  and  530  kHz 
are  due  to  relaxation  oscillation  (amplitude)  noise  on  the 
N’d:GGG  and  Nd:YAG  laaer  systems,  respectively.  As  both 
the  doubled  Nd;YAG  laser  pumping  the  DRO  and  the 
Nd:GGG  laser  have  linewidths  of  the  order  of  5-10  kHz,  we 
see  that  the  operation  of  the  DRO  reproduces  the  linewidth 
of  the  pump  laser  system.  This  assertion  is  supported  by 
the  OPO  self- beat-note  experiment  described  in  Section  5. 
We  emphasize  that  this  measurement,  using  two  indepen¬ 
dent  oscillators,  yields  the  true  linewidth,  i.e.,  the  convolu¬ 
tion  of  both  oscillators'  linewidths,  and  has  no  implicit  com¬ 
mon-mode  rejection  as  is  present  in  many  measurements  of 
laser  oscillator  relative  linewidths. 

4.  DEGENERATE  OPERATION:  PUMP-DRO 
PHASE  LOCKING 

It  was  previously  predicted'*-^'  that  the  phase  of  an  OPO 
operating  with  degenerate  signal  and  idler  waves  would  be 


phase  locked  to  the  pump  with  either  0  or  ir  relative  phase. 
This  has  been  elegantly  demonstrated  in  degenerate 
squeezed-state  experiments  below  threshold.’  To  test  the 
theory  above  threshold  we  ran  the  DRO  at  degeneracy  and 
combined  the  DRO  output  beam  with  a  1064-nm  reference 
beam  from  the  Nd:  YAG  laser.  This  reference  beam  is  phase 
correlated  with  the  second  harmonic  used  to  pump  the  DRO. 
One  of  the  combined  beams  was  imaged  onto  a  screen  and 
observed  with  the  charge-coupled-device  camera.  The  oth¬ 
er  beam  was  sent  through  a  scanning  Fabry-Perot  interfer¬ 
ometer  to  monitor  the  axial  mode  structure  of  the  DRO  at 
degeneracy.  The  beam  incident  upon  the  Fabry-Perot  in¬ 
terferometer  was  blocked  during  data  taking  to  prevent  po¬ 
tential  feedback  effects.  Great  care  was  taken  to  ensure 
that  there  was  no  injection  locking  of  the  degenerate  OPO  by 
stray  light  from  the  Nd;YAG  laser  by  using  a  prism  to  sepa¬ 
rate  the  1064-nm  laser  light  from  the  green  532-nra  pump 
beam.  The  pump  light  was  passed  through  a  highly  reflect¬ 
ing  mirror  for  the  infrared  ( T  -  0.05%  at  1064  nm)  and  then 
through  an  aperture. 

Figure  4  shows  the  stable  fringes  obtained  by  interfering 
the  degenerate  DRO  with  the  Nd:YAG  laser.  The  DRO 


Fig.  2.  Experimental  layout  showing  the  DRO  pumped  by  the 
frequency-doubled  injection-locked  Nd:  YAG  laser  for  heterodyning 
with  the  Nd:GGG  laser.  SHG.  second-harmonic  generator;  BS. 
beam  splitter. 


Fig.  3.  Heterodyne  rf  beat-note  spectrum  of  the  independent  DRO 
signal  and  Nd:GGG  laser  oscillators.  The  3-dB  full  width  of  the 
central  peak  U  13  kHz. 
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Fig.  4.  Stable  fringe  pattern  produced  by  interfering  the  degener¬ 
ate  DRO  beam  with  a  reference  beam  from  the  Nd:YAG  laser. 

would  run  at  degeneracy  for  aa  long  as  20  min  at  a  time  with 
no  servo  control  and  no  applied  tuning  voltage. 

When  the  pump  was  interrupted,  the  overall  phase  of  the 
fringe  pattern  was  observed  to  jump  phase  randomly  by  0  or 
ir.  This  is  a  good  indication  that  no  injection  locking  of  the 
DRO  from  the  laser  was  taking  place.  An  attempt  was  made 
to  observe  the  tunneling  of  the  OPO  phase  between  the  0  and 
*  states,-^  which  was  unsuccessful  owing  to  excess  DRO 
relative  amplitude  noise  during  near-threshold  operation. 
Both  standing-wave  and  ring  path  DRO  configurations  were 
tested.  Operation  with  the  standing-wave  geometry  was 
less  stable  in  frequency  and  amplitude  than  for  the  ring 
path,  and  the  DRO  was  more  susceptible  to  feedback  effects. 

The  stable  fringes  show  that  the  degenerate  DRO  is  a  true 
phase-locked  subharmonic  of  the  pump.  We  investigated 
the  high-frequency  phase  fidelity  by  performing  a  hetero¬ 
dyne  rf  beat-note  experiment  with  the  reference  laser  beam 
frequency  shifted  by  45  MHz,  using  an  acousto-optic  modu¬ 
lator  driven  by  a  rf  synthesizer.  Figure  5  shows  the  rf  beat- 
note  spectrum.  The  asymmetry  of  the  phase  noise  is  due  to 
amplitude  noise  on  the  DRO  signal.  Most  of  the  noise  in  the 
subkilohertz  band  can  be  attributed  to  mechanical  vibration 
of  the  mirrors  in  the  interferometer,  which  limits  the  low- 
frequency  sensitivity  of  the  measurement.'*  For  reference, 
the  phase-noise  spectral  density  S,(f)  at  5  kHz  was  deter¬ 
mined  from  the  plot  to  be  2  X  10"®  rad-/Hz. 

5.  NONDEGENERATE  OPERATION:  PUMP- 
DRO  PHASE  CORRELATIONS  AND  SIGNAL- 
IDLER  HETERODYNE  LINEWIDTH 

Away  from  degeneracy  the  DRO  signal  and  idler  phases  are 
no  longer  locked  to  the  pump  but  diffuse  randomly  in  such  a 
way  that  the  sum  of  their  phases  is  either  0  or  t.®*  (For 
simplicity  we  will  aasume  that  the  overall  phase  is  0.  with  no 
loss  of  generality.)  Diffusion  of  the  relative  phase  is  analo¬ 
gous  to  the  phase  diffusion  seen  in  lasers  that  is  responsible 
for  the  Schawlow-Townes  linewidth.  The  phase  sum  was 
recently  analyzed,  using  a  quantum-mechanical  Hamilto¬ 
nian,  and  is  a  candidate  squeezed -state  observable.''^  We 
can  write  the  relevant  DRO  electric  fields  as 

Epump“£^pump«*P<2iwtf).  (1) 

®DRO  * 

+  exp|i((ii)j.  -  A)t  -  ♦(t)ll).  (2) 

where  the  first  and  second  terms  in  Eq.  (2)  are  the  signal  and 
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the  idler  fields,  respectively,  ui  is  the  Nd;YAG  laser  fre¬ 
quency  (equal  to  the  degenerate  DRO  frequency).  A  is  the 
DRO  frequency  displacement  from  degeneracy,  and  o(t)  is 
the  relative  DRO  phase.  We  have  assumed  that  the  DRO  is 
operating  near  enough  to  degeneracy  that  the  output  cou¬ 
plings  (and  thus  the  powers)  of  the  signal  and  the  idler  are 
equal.  We  also  introduce  a  local  oscillator  derived  from  the 
laser: 

Ei  «  exp[i(u)if -t- 9)].  (3) 

where  the  phase  B  can  be  adjusted  experimentally.  If  we 
heterodyne  the  signal  and  the  idler  waves  with  the  laser  local 
oscillator,  the  voltage  seen  on  the  photodetector  will  be 

V~£dro  C08[2At  +  2^(t)]  +  2£j^£dro  cos(9)cos[Af  -I-  ®(f )]. 

(41 

The  first  term  at  frequency  2A  represents  the  mixing  of  the 
signal  and  the  idler,  and  the  second  term  at  frequency  A  the 
mixing  of  the  signal  and  the  idler  each  with  the  laser  local 
oscillator.  Relation  (4)  predicts  that  the  beat-note  ampli¬ 
tude  of  the  signal  at  frequency  A  will  depend  on  the  phase  of 
the  local  oscillator  and  vanish  for  8  t/2,  3ir/2,  etc.  If  the 

phases  of  the  signal  and  the  idler  were  not  exactly  anticorre¬ 
lated  with  respect  to  the  pump,  the  A  beat  note  would  not 
vanish.  Additionally,  relation  (41  predicts  that  the 
linewidth  of  the  beat  note  at  2A  is  four  times  as  broad  as  that 
at  A,  assuming  white  frequency  noise,-^  and  twice  as  broad 
assuming  a  1/f  frequency  noise  spectral  density,  as  is  typical 
in  most  free-running  laser  systems. 

In  our  experiments  the  DRO  was  operated  one  axial  mode 
away  from  degeneracy  so  that  A  *  5.088  GHz.  The  output 
of  the  DRO  was  mixed  at  a  beam  splitter  with  a  local  oscilla¬ 
tor  from  the  laser  and  then  sent  down  a  single-mode  fiber  to 
a  Hewlett-Packard  Model  71400A  Lightwave  Optical  spec¬ 
trum  analyzer.  Figure  6  shows  the  signal-idler  beat-note 
spectrum  at  2A  «  10.17  GHz,  taken  with  the  local  oscillator 
blocked.  The  vertical  scale  is  5  dB/division  for  optical  pow¬ 
er.  which  is  the  equivalent  of  10  dB/division  of  rf  power. 
The  full  width  at  half-maximum  (3-dB  rf)  of  the  central 
peak  is  *500  Hz,  with  a  resolution  bandwidth  of  300  Hz  and 
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Fig.  6.  Rf  beat-note  spectrum  of  the  degenerate  DRO  heterodyned 
with  a  reference  beam  from  the  laser,  which  has  been  shifted  45 
MHz  with  an  acousto-optic  modulator. 


818  J.  Opt.  Soc.  Am.  BA'ol.  No.  5/May  1990 


Nabors  et  al. 


Fig.  6.  Beat-note  spectrum  of  the  DRO  signal  with  idler  frequen¬ 
cies  displaced  one  axial  mode  from  degeneracy.  The  central  peak 
has  a  width  of  500  Hz,  and  there  is  a  1-Hz  trace-to-trace  jitter  in  iu 
position. 


a  trace-to-trace  jitter  of  kHz  for  1.67-sec  sweeps.  The 
jitter  is  approximately  1  part  in  10'  of  the  beat  note  and 
corresponds  to  fluctuations  in  the  optical  path  length  of 
5(nL)  *  6  nm. 

This  observation  substantiates  the  claim  made  in  Section 
3  that  the  off-degeneracy  DRO  does  not  add  significant 
excess  linewidth  when  pumped  by  a  5-10-kHz-linewidth 
laser  The  asymmetry  in  the  spectrum  is  again  caused  by 
amplitude  noise,  and  the  artifact  at  the  left  is  possibly  due  to 
a  small  transverse  mode  effect.  The  beat-note  linewidth  of 
the  signal  at  5.088  GHz  (not  shown)  is  also  «500  Hz.  with  a 
jitter  similar  to  the  10. 17-GHz  note,  and  since  this  width  is  so 
close  to  the  resolution  bandwidth  of  the  spectrum  analyzer 
the  relative  linewidth  prediction  is  problematic. 

To  confirm  that  the  DRO  signal  and  the  idler  were  phase 
anticorrelated  we  varied  the  phase  of  the  laser  local  oscilla¬ 
tor.  using  a  LiNbO  electro-optic  phase  modulator  with  V^, 
=  624  V.  A  l-k\750-msec  ramp  voltage  was  applied  to  the 
phase  modulator,  and  the  spectrum  analyzer  was  triggered 
at  the  start  of  the  ramp  and  also  swept  at  50  msec.  The 
spectrum  analyzer  center  frequency  was  5.088  GHz,  and  the 
span  was  0  Hz.  with  a  large  enough  resolution  bandwidth 
1 100  kHz)  to  pass  most  of  the  rf  power.  The  horizontal  axis 
of  the  spectrum  analyzer  trace  is  thus  proportional  to  the 
local-oscillator  phase,  and  with  the  vertical  axis  on  a  linear 
scale  displaying  rms  volts  we  expect  to  see  a  wave  propor¬ 
tional  to  icos(8)l,  the  rectification  due  to  the  spectrum  an¬ 
alyzer's  power  detector  law.  Figure  7  shows  the  experimen¬ 
tal  trace  with  the  independently  determined  calibration  of 
the  phase  axis.  The  waveform  is  precisely  as  predicted, 
which  verifies  that  the  DRO  signal  and  the  idler  phase  are 
collectively  coherent  with  the  pump  phases  and  anticorrelat¬ 
ed  with  each  other  away  from  degeneracy. 

6.  PUMP-DRO  PHASE  TRANSMODULATION 

There  are  a  number  of  predictions  of  how  an  OPO  should 
tune  with  a  chirped  or  frequency-modulated  pump.-" 
The  OPO  is  interesting  in  this  respect,  as  the  tuning  rate 
near  degeneracy  can  be  much  larger  than  the  pump  tuning 
rate.  We  were  unable  to  tune  our  pump  rapidly  but  instead 


phase  modulated  the  pump  and  measured  the  effects  on  the 
DRO  output  frequency  spectrum. 

We  assume  that,  like  that  of  the  pump,  the  DRO  output  is 
purely  phase  modulated  and  write  the  electric  fields  as 

Erump  “  exp|i[2«tt  +  B  sin(ui„«,t)ll  (5) 

and 

Edro  “  Edro  expli[a)i,f  +  i  sin(u;„„df  +  «)ll-  <6) 

For  small  modulation  depth,  zero  cavity  detuning,  and 
pump  decay  rate  much  greater  than  the  DRO  cavity  decay 
rate  we  can  use  the  degenerate  OPO  equations  of  motion-'  to 
solve  for  6  and  i  to  get 


Il-l-^(w„.,,/u,,)^j'''. 

(7) 

(81 

- r  ^ 

where  w,  is  the  DRO  cavity  power  bandwidth  and  r  is  the 
number  of  times  above  threshold  for  the  DRO. 

We  detect  the  phase  modulation  by  mixing  the  DRO  with 
a  frequency-shifted  laser  local  oscillator 

Elo  *  Elo  expli(u.Y  +  u.V()tl  (9) 

to  generate  the  rf  voltage  measured  on  a  photodiode  given  by 
V  ~  cos(ii.>ff  +  6  sin(w„„„jf  +  ^)).  (10) 

We  used  a  MgO:LiNbO:i  electro-optic  phase  modulator 
(heated  to  ISCC  to  avoid  photorefraction)  with  Vo,  «  609  \' 
to  modulate  the  532-nm  DRO  pump  at  frequencies  from  1 
kHz  to  20  MHz.  The  driving  voltage  on  the  electro-optic 
modulator  was  20  V  peak  to  peak,  which  corresponds  to  a 
modulation  inder  on  the  pump  of  *  ^  0.103  rad. 

For  small  modulation  index  and  low  modulation  frequen¬ 
cy  the  detected  rf  power  in  the  sidebands  at  u,(  ±  Umne  will 
decrease  by  «  0-/16  relative  to  the  carrier  at  (•;,(,  or  4 
times  less  I  -6  dBc)  than  the  modulation  on  the  pump.  For 
0  *  0.103  rad  the  level  is  calculated  to  be  -31.8  dBc,  which  is 


Phase  of  Local  Oscillator,  e 

Fig.  7.  Amplitude  of  local  oscillator-DRO  beat  note  at  5.088  GHz 
versus  local-oscillator  phase.  The  rectified  cosine  waveform  is  as 
expected  from  relation  (4). 
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in  excellent  agreement  with  the  experimental  result  of  -31.1 
dBc  for  low  modulation  frequencies.  At  higher  frequencies 
the  transmodulation  is  limit^  by  the  bandwidth  of  the  DRO 
cavity  and  has  the  frequency  response 

rel.  sideband  power  “ 


with  a  -3-dB  rolloff  observed  at  frequency  <Dmad/2<r  *  8 
MHz.  We  estimate  that  r  l.S  for  this  experiment  and 
obtain  a  measure  of  the  total  DRO  cavity  losses  of  0.8%,  in 
rough  agreement  with  our  earlier  results.'- 

The  Mg0:LiNb03  phase  modulator  had  residual  ampli¬ 
tude  and  polarization  modulation,  which  caused  amplitude 
modulation  on  the  DRO  with  modulation  index  0.012  and 
contributed  to  the  1-3-dB  imbalance  seen  on  the  DRO  phase 
sidebands.  The  DRO  amplitude  modulation  alone  is  not 
enough  to  account  for  the  imbalance,  and  the  remainder  may 
be  due  to  cavity-detuning  effects  or  to  drift  in  the  number  of 
times  above  threshold  of  the  DRO. 

Away  from  degeneracy  the  signal  and  idler  phases  are 
anticorrelated  with  respect  to  the  pump,  and  no  transmodu¬ 
lation  of  the  signal-idler  is  predicted.  Rf  sidebands  are 
observed  on  the  lO.lT-GHz  signal-idler  beat  note  at  -40 
dBc,  but  they  can  be  accounted  for  by  the  DRO  amplitude 
modulation  alone  and  are  not  the  result  of  phase  modula¬ 
tion. 

The  good  agreement  between  theory  and  experiment  for 
the  transfer  of  phase  modulation  from  the  pump  to  the  DRO 
signal  suggests  that  the  theoretical  model  should  also  be 
valid  for  the  more  interesting  case  of  a  frequency-modulated 
or  chirped  pump. 


7.  DISCUSSION  AND  CONCLUSIONS 

We  have  demonstrated  a  cw  monolithic  doubly  resonant 
optical  parametric  oscillator  with  exceptionally  high  coher¬ 
ence.  The  linewidth  was  shown  to  be  limited  to  that  of  the 
laser  pumping  it  and  was  less  than  13  kHz.  The  DRO 
operated  reliably  at  degeneracy  without  any  form  of  injec¬ 
tion  locking  and  was  a  phase  locked  subharmonic  of  the 
pump.  Away  from  degeneracy,  the  signal  and  the  idler  were 
heterodyned,  and  a  linewidth  of  500  Hz  was  measured  for 
short-time  stability.  The  signal  and  the  idler  were  also 
shown  to  be  phase  anticorrelated  with  respect  to  the  pump 
away  from  degeneracy.  Pump  phase  modulation  was  shown 
to  transfer  to  the  DRO  at  degeneracy  with  good  agreement 
with  theory,  which  may  have  applications  for  FM  spectros¬ 
copy. 

Future  improvements  to  and  applications  of  the  DRO 
system  will  include  pumping  with  frequency-stabilized 
sources  such  as  locking  the  Nd:YAG  pump  and  Nd:GGG 
lasers  to  the  same  reference  cavity  for  relative  stabilities  of 
less  than  3  Hz,-*^  spectroscopy  with  the  DRO  as  a  tunable 
source,  demonstration  of  a  DRO  with  signal-to-idler  fre¬ 
quency  ratio  of  3:1,  and  further  DRO  tuning  and  modulation 
studies.  The  DRO  output  can  be  line-narrowed  by  locking 
to  a  high-finesse  reference  interferometer,  or  the  self-beat- 
note  between  signal  and  idler  at  10.1"  GHz  could  be  phase 
locked  to  a  rf  synthesizer  to  stabilize  the  DRO  directly.  We 
are  currently  investigating  the  cw  DRO  as  a  source  with  sub¬ 
shot-noise  correlations  of  signal  and  idler  amplitudes. 
When  the  quantum  phase  correlations  are  also  considered. 
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the  DRO  is  a  direct  example  of  the  Einstein-Podolsky- 
Rosen  paradox.-^ 

The  phase  locking  of  the  DRO  at  degeneracy  is  a  demon¬ 
stration  of  a  coherent  2:1  optical  frequency  divider.  This 
result  is  significant  for  metrology  and  spectroscopy,  for 
which  frequency  chains  are  needed  across  a  variety  of  spec¬ 
tral  bands."  The  proposed  3:1  DRO  can  also  act  as  a  1.33:1 
and  4:1  frequency  divider  for  the  pump  frequency.  The 
difficulty  lies  in  detecting  the  point  of  exact  3:1  signabidler 
operation,  which  is  not  a  problem  at  degeneracy.  We  pro¬ 
pose  several  possible  solutions.  If  the  DRO  pump  is  the 
second  harmonic  of  some  master  laser,  the  laser  (possibly- 
offset  by  some  rf)  and  the  idler  could  be  summed  to  yield  a 
color  near  the  signal.  The  sum  frequency  output  will  be 
coherent  with  the  DRO  signal  wave  only  when  the  signal  and 
idler  frequencies  are  exactly  in  the  ratio  3:1.  The  sum  of  the 
laser  and  the  idler  could  also  be  optically  fed  back  to  injec¬ 
tion  lock  the  signal  phase,  or  the  laser  could  be  deeply  phase 
modulated  (modulation  index  *  r)  and  mixed  with  both  the 
signal  and  the  idler.  This  would  alternately  sum  the  laser 
with  the  idler  frequency  to  get  signal  and  subtract  the  laser 
from  the  signal  frequency  to  get  idler  as  the  laser  phase  is 
varied,  and  it  would  produce  an  AM  output  only  when  the 
exact  3:1  condition  were  met.  The  phases  of  the  signal  and 
sum  waves  will  not  in  general  be  coherent,  as  the  OPO  phase 
0(t)  is  not  canceled  out,  and  some  type  of  active  phase-locK- 
loop  servo  will  be  required  to  implement  these  schemes. 

If  no  msister  laser  at  half  the  pump  frequency  were  avail¬ 
able,  the  idler  could  be  frequency  tripled  and  compared  with 
the  signal,  which  is  the  technique  required  to  lock  an  OPO  to 
the  2:1  operating  point,  where  the  idler  can  be  frequency- 
doubled  and  compared  with  the  signal.  The  2:1  OPO  will 
act  as  a  1.5:1  and  3:1  frequency-  divider  for  the  pump  fre¬ 
quency  but  would,  however,  be  difficult  to  fabricate  as  a 
doubly  resonant  OPO  by  using  conventional  quarter-wave- 
stack  dielectric  mirrors.  Higher-order  phase-locked  fre¬ 
quency  dividers  (5:1, 6:1,  . . . )  will  be  progressively-  harder  to 
realize  in  practice  as  the  summing  or  doubling  steps  become 
more  numerous,  and  conventional  frequency  multiplying 
from  below  becomes  more  practical  than  parametrically-  di¬ 
viding  down  from  above. 

What  we  have  again  learned  experimentally  is  that  mono¬ 
lithic  resonator  designs  and  excellent  pump  mode  quality 
(spatial,  temporal,  and  linewidth)  are  highly-  desirable  for 
high-performance  laser  and  nonlinear-optical  devices.  We 
fully  expect  that  with  improved  frequency-  and  amplitude- 
stabilized  pump  sources  the  DRO  performance  will  continue 
to  improve. 
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Optical  parametric  oscillator  frequency  tuning  and  control 
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abstract 

The  frequency  tuning  «nd  control  piopetlies  of  monolithic  doubly  resonant  optical  panmetric  otdllalon  are  analyzed  for  stable  single¬ 
mode  pump  radiation.  Single-axial-mode  operation  is  observed  on  idler  and  signal  for  both  pulsed  and  continuous  pumping. 
Piojectians  are  made  for  tuning  parameter  tolerances  required  to  maintain  stable  single  frequency  oscillalian.  Continuoas  frequency 
tuning  is  possible  by  the  simultaneous  adjustment  of  two  or  three  parameters  thus  allowing  synthesis  of  specific  frequencies  within 
the  broad  tuning  range  of  the  doubly  resonant  optical  parametric  oscillator. 


I.  Introduction 

An  analysis  of  the  firequency  tuning  properties  of  doubly 
resonant  opt^  parametric  osciUators  (DROs)  based  on  both 
experimental  observations  and  theoretical  modeling  is 
presented.  Specific  details  in  this  presentation  of  frequency 
control  and  synthesis  apply  to  monolithic  DROs  constructed 
from  LiNb03.  Where  possible,  however,  results  are  given 
with  more  general  applicability.  The  purpose  is  to  gain  a 
quantitative  understanding  of  the  conditions  required  for 
stable  single-axial-mode  parametric  oscillation  and  the 
resulting  frequency  stability  of  the  DRO  ouqiut.  Approaches 
to  frequency  synthesis  and  continuous  frequency  tuning 
based  upon  the  simultaneous  adjustment  of  two  or  three 
tuning  variables  are  described. 

The  potential  of  optical  parametric  oscillaton  (OPOs)  for 
the  generation  of  tunable  coherent  radiation  was  recognized 
more  than  twenty-five  years  ago.[l]  The  complex  tuning 
properties  of  the  DRO  were  also  realized  in  early 
demonstrations  and  analyses.[2,3,4]  Optical  parametric 
oscillation  has  been  discussed  in  detail  in  a  number  of 
reviews,[5,6,7]  and  it  is  a  subject  treated  in  mote  general 
terms  in  a  number  of  books  that  discuss  nonlinear  optics.[8] 
Improvements  in  the  quality  of  nonlinear  optical  materials 
and  the  coherence  of  pump  sources  have  lead  to  a  number  of 
advances  in  the  performance  of  OPOs.  Using  recent 
experimental  results  obtained  with  stable  single-mode  pump 
sources  and  monolithic  DROs  constructed  frm  high-quality 
LiNb03  nonlinear  optical  material,  we  are  able  to  apply  and 
extend  the  earlier  analyses. 

Resonating  both  the  signal  and  idler  frequencies,  double 
resonance,  offers  an  advantage  of  lower  threshold  for 
parametric  oscillation  than  single  resonance.  Double 
resonance  also  provides  additional  frequency  selectivity  in 
OPO  operation.  These  desirable  properties  of  double 
resonance,  howev^,  come  with  a  considerable  increase  in 
the  complexity  of  tuning  and  more  restrictive  tolerances  on 
pump  stability  and  cavity  stability.  Diode  pumped  solid-state 
lasers  provide  the  required  pump  frequency  sttbility,  and 
monolithic  cavities  provide  the  required  mechanical  sttbility 
in  the  OPO.  Continuous  tuning  is  difficult  in  DROs,  which 
typically  tune  in  axial  mode  hops  and  cluster  jumps  over 
hundreds  of  axial  modes.  Nevertheless,  with  improved 
pump  sources  and  nonlinear  optical  materials  coupled  with 
multiple  parameter  control,  DROs  can  in  principle  be 


operated  stably  and  tuned  continuously  thus  widening  their 
range  of  applications. 

DROs  have  the  c^bility  to  provide  highly  coherent 
ouq>ut  rqnoducing  the  statistical  properties  of  the  pump  with 
very  little  additional  noise.  This  has  been  shown 
theoretically  by  Graham  and  Haken  [9]  in  a  quantum 
mechanical  analysis  of  the  DRO,  and  it  has  been 
demonstrated  in  experimental  measurements  of  the  coherence 
properties  of  the  DRO.  The  quantum  mechanical  analysis 
showed  that  the  diffusion  of  the  sum  of  the  signal  and  idler 
wave  phases  follow  the  phase  diffusion  of  the  pump  wave 
adiabatically.  Although  the  phase  difference  of  the  signal 
and  idler  may  difriise  in  an  undamped  manner,  the  statistical 
properties  of  a  DRO  are  basically  the  same  as  those  of  an 
ideal  laser.  A  result  of  these  properties  is  the  addition  of 
only  a  small  amount  of  phase  noise  in  the  ouqxit  of  the  DRO 
above  that  present  in  the  pump.  This  has  been  confirmed  in 
coherence  measurements  of  the  output  of  a  cw  DRO.[10] 
For  periods  of  approximately  one  minute,  the  free-running 
DRO  which  was  not  servo-locked  would  oscillate  on  a  single 
mode  pair  without  a  mode  hop.  That  the  DRO  did  not  add 
significant  excess  linewidth  over  that  present  on  the  pump 
was  demonstrated  with  the  measurement  of  beating  between 
the  DRO  output  and  an  independent  diode-laser-pumped 
solid-state  laser  during  the  periods  between  mode  hops.  The 
beatnote  linewidth  was  13  kHz,  which  was  the  expected 
value  for  the  typically  lO-kHz  linewidths  of  the  pump  laser 
and  independent  reference  laser.  Additional  coherence 
measurements  showed  that  the  signal  and  idler  were  phase- 
anticoiielated  when  referenced  to  the  pump  laser.  Also,  the 
width  of  the  signal-idler  beatnote  with  the  DRO  near  but  not 
degeneracy  was  less  than  1  kHz.  The  signal-idler  beatnote 
indicates  the  frequency  fluctuations  added  to  the  DRO  output 
in  addition  to  those  piesem  on  the  pump. 

The  results  of  the  classical  stttionary  analysis  presented 
here  are  consistent  with  the  earlier  analyses  and 
measurements.  The  main  point  of  this  presentation  is  to 
explain  the  complex  tuning  properties  of  the  DRO  to  more 
fully  utilize  its  remarkable  coherence  and  spectral  properties. 
Tue  theoretical  presentation  of  section  n  begins  in  port  A 
with  a  qualitative  overview  of  DRO  tuning.  This  overview  is 
used  to  establish  the  extensive  tetminok^  required  for  this 
discussion.  In  part  B  of  section  11,  the  thresht^  condition 
for  parametric  oscillation  is  reviewed  and  recast  in  terms 
more  easily  adopted  to  tuning  calculations.  The  theoretical 
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basis  of  frequency  selection  is  discussed  in  part  C  of  section 
II.  Experimmtal  tuning  data  is  presented  in  section  m.  The 
depee  to  which  our  theoretical  model  describes  the  observed 
tuning  allows  some  confidence  in  using  it  for  predictive 
calculations  treated  in  section  IV.  Results  are  summarized 
and  discussed  in  sec' Ion  V;  Finally,  the  properties  of 
Mg0:LiNb03  required  to  model  the  experimental  data  are 
reviewed  in  an  appendix. 


II.  Theory 

A.  DRO  tuning  overview 

A  nonlinear  t^cal  material  pumped  by  intense  optical 
radiation  at  frequency  oil  can  provide  gain  at  two  lower 
frequencies  called  signsu  and  idler  and  related  by  the 
conservation  of  energy  condition 

+  tti^ .  (1) 

The  parametric  interaction  is  phase  dependent,  and  proper 
phasing  is  required  for  energy  to  flow  from  the  from  the 
pump  field  to  the  signal  and  idler  fields.  Phase  velocity 
matching  assures  that  the  relative  phases  of  the  three  waves 
do  not  change  with  propagation  through  the  nonlinear 
material.  Phase  matching  is  described  by  the  wavevector 
mismatch,  which  for  the  case  of  coUinear  propagation  can  be 
expressed  by  the  scalar  relationship 

^  •  *1  *  *i  *  c .  (2) 

where  k.,  it,,  and  are  the  respective  wavevectors 
magnituoes  of  the  pump,  signal  and  idler  waves,  with 
corresponding  indices  of  refraction  given  by  n-,  /i,,  and  /l  , 
and  where  c  is  the  velocity  of  light  Useful  paranetric  gain 
exists  in  the  range  of  sign^  and  idler  frequencies  for  which 
\m\  <  nil  where/  is  the  length  of  the  nonlinear  material. 
The  parametric  gain  is  maximum  near  ^  »  0.  Phase 
matching  is  often  achieved  by  controlling  the  birefringence  of 
a  nonlinear  crystal  through  temperature  or  angle  of 
propagation. 

An  OPO  requires  feedback  at  either  or  both  signal  or 
idler  frequencies.  If  there  is  feedback  at  only  one  frequency, 
the  device  is  called  a  singly  resonant  oscillator  (SRO). 
Doubly  resonant  osciUaton  QJROi)  have  feedback  at  both 
signal  and  idler  frequencies.  Feedback  can  be  provided  by 
placing  the  nonlinear  material  in  a  cavity  formed  by  two 
external  mirrors,  or  in  the  case  of  monolithic  (VOs.  highly 
reflecting  coatings  can  be  applied  directly  to  the  nonlinear 
material.  Ring  cavity  oonfiguiatioos  offer  advantages  of 
reduced  feedback  to  the  pump  source  and  improved  OPO 
conversion  efBciency.[ll]  Figine  1  iUnstcates  schematically 
several  configuratioos  for  parametric  osciUaton.  Both 
standing  wave  and  ring  cavity  monolithic  DROs  were  used 
for  the  experimental  observmions  described  in  this  paper. 
The  nming  properties  were  quite  similar,  nd  the  same  model 
of  tuning  properties  could  be  used  for  both  because  the 
return  path  len^  differed  little  from  the  gain  path  in  the  ring 
resonaion. 


Ml  M2 


Pig.  1.  (t)  Schematic  representation  of  optical  parametric 

amplification.  Optical  parametric  oscillators  can  be  formed  by  the 
adthdon  of  muran  separate  fiom  the  nonlinear  material  as  showm  in  (b). 
Monolithic  oscillators  (c),(d)  with  highly  reflecting  coatings  applied 
directly  to  the  nonlinear  material  have  advaiuages  of  low  loss  and 
stability  imponant  in  stable,  single-fiequency  DRO  operation.  Ring 
oscillam  (d)  offer  the  advatiages  reduced  feedback  and  improved 
ocnvetBon  efficiency  over  standing  wave  oadllatots. 


Phase  matching  is  the  major  factor  in  determining  broad 
tuning  properties  of  an  OPO  althou^  cavity  resonances  have 
the  major  effect  on  details  of  frequency  tuning.  The 

condidofis  ta^  *  <a^  +  a\  and  dk  =  0  deflne  phase-matching 
curves.  The  most  commonly  shown  OPO  phase-matching 
curve  is  the  parabola-like  slu^  for  type-1  phase  matching  in 
a  birefringent  crystal,  for  which  the  signal  and  idler  waves 
have  the  same  polarization  and  the  pump  wave  has  the 
orthogonal  polarization.  Figure  2a  shows  a  near  degeneracy 

(a>,  -  (Uj)  section  of  the  temperature  tuning  curve  for  a 
LiNb03  noncriticaUy-pliase-matched  OPO.  Propagation  is 
along  a  crystal  principal  axis  in  noncritical  phase  matching 
which  reduces  dependence  on  propagation  direction  and 
eliminaies  buefringent  waDtoff. 

The  spectral  width  of  the  parametric  gain  is  also 
determined  by  phase  matching.  A  typical  spectral 
distributiaa  for  single  pass  gain  at  a  fixed  temperature  is 
shown  in  Fig.  2b.  A  DRO  has  the  additional  requirement  of 
simultaneous  signal  and  idler  resonance.  Dispenion  results 
in  diffetent  cavity  axial  mode  frequency  spacings  for  the  two 
waves,  and  Uie  simultaneous  resonance  condition  thus 
occurs  only  at  intervals  in  frequency.  The  regions  of 
simultaneous  resonance,  called  cluster  frequencies,  are 
indicaied  in  Fig.  2c.  Early  UlOs  were  observed  to  oscillate 
onagtoupor  cluster  of  adjacent  cavity  axial  modes.  The 
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Fig.  2.  (a)  A  typical  OPO  tuning  curve  near  the  degeneracy  fretiuency 
/q  >  /p/2  where  /p  it  the  pump  frequency.  The  signal  and  idler 
frequencies  ate  shown  for  a  UNbOj  OPO  as  a  function  of  tuning 
parameter,  in  this  case  temperature.  For  a  fixed  value  of  tuning 
parameter,  single-pass  parametric  gain  exists  in  bands  centered  on  the 
phase-matching  wavelengths  as  shown  in  (b).  DROs  have  an  added 
constraint  that  the  signal  and  idler  cavity  resonances  mutt  coincide  in 
satisfying  the  condition  /p  >/,  -•- /{.  which  results  in  output  at  cluster 
frequenaes  (c).  Only  two  or  three  clusters,  represented  by  open  lines, 
are  located  within  the  gain  bandwidth.  Usually  one  cluster,  represented 
by  the  longest  line,  dominates. 


Fig.  3.  A  diagram  (ref.  2]  that  shows  the  relationship  between  the 
DRO  signal  and  idler  resonance  frequencies  aid  the  conservation  of 
energy  condition.  Signal  rcaonanoes  are  plotted  as  a  fmction  of  signal 
frequency  oi,  on  an  oniinafy  linear  scale  anih  frequency  increasing  from 
left  to  tighL  The  idler  frequency  scale  is  determined  by  that  of  the 
signal  and  the  relatkmsliip  s»p  >  as,  -f  eS|.  fri  the  display  of  idler 
resonances,  therefore,  freqneneyincreasee  from  tight  to  left.  A  signal- 
idler  pair  that  has  both  resonances  ceniend  on  a  vertical  line  are  in 
coincidence  for  satislying  au  ■  s-  «q.  In  gemnl  there  srill  be  some 
frequency  mismstch  dot  for  Mch  mode  pair.  The  frequency  nunwrtch  is 
■he  frequency  shifk  required  of  either  dpial  or  idler  lesonanoe  to  produce 
coincidence.  The  detail  on  the  left  shows  shows  the  frequency 
mismatch  dm  for  a  mode  pair  and  its  components  do^  and  de^  which 
ate  the  respective  frequency  dispUoemanu  from  the  ceMers  of  the  signal 
and  idler  cavity  resonances  to  the  frequencies  most  favorable  for 
parametric  oscillation.  Dispersion  is  exaggerated  in  this  schematic 
representation.  There  are  typically  hundreds  of  cavity  axial  modes 
between  the  cluster  frequencies  where  d«>  0. 


wavelength  of  the  cluster  would  at  first  shift  continuously 
with  tuning  followed  by  a  discontinuous  jump  to  another 
cluster  of  modes.  The  curves  of  Fig.  2  are  intended  to 
illustrate  some  general  properties  of  frequency  tuning  of 
DROs.  They  were  calculated  for  the  12.S-mm-long 
monolithic  Mg0:LiNb03  oscillators  pumped  at  S64  THz 
(S32  nm)  that  are  discussed  in  this  paper. 

A  useful  device  tor  understanding  the  requirement  of 
simultaneous  cavity  resonances  is  a  diagram  used  by 
Giordmaine  and  Miller  [2]  in  which  the  cavity  resonances 
near  the  oscillating  signal  and  idler  frequencies  are  ploned  as 
a  function  of  the  respective  frequencies  as  shown 
schematically  in  Fig.  3.  The  difference  between  signal  and 
idler  axial  mode  spacings,  and  So>j  respectively,  is 
exaggerated  in  this  figure  for  the  purpose  (X  illustration.  One 
frequency,  here  the  signal,  increases  going  from  left  to  right 
The  other  frequency  scale,  the  idler,  is  determined  by  the 
frrst  scale  and  the  conservation  of  energy  condition  in  such  a 
way  that  a  vertical  line  drawn  through  the  diagram  will  give 
signal  and  idler  frequencies  that  satisfy  Eq.  (1).  If  a  signal- 
idler  resonance  pair  lie  on  a  vertical  line,  they  satisfy  the 
simultaneous  resonance  condition.  If  temperature  or  dc 
electric  field  applied  to  the  crystal  is  changed,  the  position  of 
the  resonances  will  advance  along  the  scales,  one  to  the  left 
and  the  other  to  the  right,  at  slightly  different  rates  due  to 
dispersion,  but  the  scales  will  not  change.  If  pump 
frequency  is  changed,  the  frequencies  of  the  cavity 
resonances  will  not  change,  but  one  of  the  frequency  scales 
will  be  displaced  with  respect  to  the  other,  and  the  respective 
resonances  will  move  with  that  scale. 

Two  types  of  discontinuous  frequency  shifts  are 
indicated  in  Fig.  3.  One  is  an  axial  mode  hop^and  the  other 
is  a  cluster  jump.  As  a  tuning  variable  is  changed,  better 
coincidence  in  satisfying  the  conservation  of  energy 
condition  is  attained  on  adjacent  signal  and  idler  axial 
modes.  It  then  becomes  advantageous  for  the  oscillation 
frequencies  to  hop  to  the  adjacent  modes,  one  higher  in 


Fig.  4.  AicliMiMlicrepn«auiionof«daiiUedpoitianofMiidBMued 
umiiig  Guve  for  a  DRO.  OscUlMiwi  propirei  ikmg  chiRer  emvet  in 
diiooiaiiiDoat  beqiMncy  chaigH  called  axial  mode  hope  u  a  tuning 
variable  ii  changed.  A  larger  diaocminnoua  frequency  change  of  a 
duMer  jump  occur*  when  better  phase  matching  exist*  on  an  adjacent 
cluster  cuive. 
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frequency  and  the  other  lower.  This  type  of  discontinuous 
frequency  change  is  referred  to  as  a  mode  hop.  Other  factors 
such  as  phase  matching  also  effect  the  selection  of  the 
oscillation  frequencies.  As  the  tuning  variable  changes, 
phase  matching  also  chanjp,  and  at  some  ptmt  the  oscillator 
finds  it  advantageous  to  jump  to  the  next  cluster.  This  is 
illustrated  in  the  schematic  tuning  curve  of  Fig.  4.  The 
signal  or  idler  oscillation  frequency  progresses  along  a 
cluster  curve  in  a  series  of  mode  hqps  until  another  cluster 
curve  more  closely  qjproaches  phase  matchiug.  At  that  point 
the  larger  discontinuous  frequency  change  of  a  cluster  jump 
takes  the  oscillation  to  the  next  cluster  curve.  Figures  3  and 
4  are  only  schematic  with  dispersion  greatly  exaggerated. 
Typically  there  several  hundred  axial  modes  between 
adjacent  cluster  frequencies. 

Simultaneous  resonance  of  signal-idler  mode  pairs 
occurs  as  a  tuning  parameter  is  continuously  adjusted.  In 
general,  however,  coincidence  is  not  perfect,  and  oscillation 
of  a  particular  mode  pair  depends  on  the  degree  of  frequency 
matching  and  phase  matching.  The  frequency  mismatch  Am 
of  a  signal-idler  mode  pair  can  be  defined  as  the  shift  in 
frequency  required  of  either  signal  or  idler  to  bring  the  two 
resonances  into  coincidence  to  satisfy  Eq.  (1).  It  is 
convenient  to  express  the  frequency  mismatch  as  the  sum  of 
two  components 

Am  s  Am,  +  Am^ .  (3) 

Here  Am,  is  the  frequency  shift  from  the  peak  of  the  signal 
resonance  to  the  signal  frequency  most  favorable  for 
oscillation  for  that  mode  pair.  Correspondingly  Aru,  is  the 
frequency  shift  from  the  peak  of  the  idler  resonance  to  the 
idler  frequency  most  favorable  for  oscillation  as  illustrated  in 
Fig.  3.  The  signal  component  is  measured  on  the  signal 
frequency  scale,  and  the  idler  component  is  measured  on  the 
idler  frequency  scale.  The  directions  of  these  scales  are 
opposite.  One  increases  from  left  to  right  and  the  other  is 
reversed  increasing  from  right  to  left.  Therefore,  Am,  and 
Am,  appear  in  opposite  directions  in  this  illustration,  even 
though  they  have  the  same  sign.  The  frequency 
displacements  of  the  signal  and  idler  from  their  respective 
resonance  peaks  are  discussed  in  detail  in  part  C  of  this 
section.  It  is  useful  to  fust  consider  the  dependence  OPO 
threshold  on  frequency  mismatch  and  phase  mismatch. 


B.  DRO  threshold  with  imperfect  signal-idler  frequency 
coincidence 

Even  a  very  small  frequency  mismatch  can  have 
significant  effects  on  frequency  selection  and  threshold  of  the 
DRO,  particularly  when  cavity  finesse  is  high.  The 
threshold  relationship  obtained  here  is  the  same  as  that 
derived  in  the  quantum  mechanical  analysis  of  Graham  and 
Haken  [10]  and  similar  to  but  more  detailed  than  the 
threshold  equation  given  by  Oiordnudne  and  Miller.[2]  The 
result  given  here  is  in  terms  of  classical  electromagnetic 
theory  and  more  easily  ap|died  to  the  tuning  analysis  that 
follows.  This  threshold  relationship  is  limited  to  cavities 
with  moderate  to  itifbiitesimal  losses.  The  effect  of  phase 
and  frequency  mismatch  on  the  thresholds  of  DROs  with 
arbitra^  cavity  losses  was  addressed  by  Falk.[12]  That 
result  is  used  to  estimate  the  conditions  over  which  the 
threshold  equation  used  here  is  appropriate. 


The  threshold  for  oscillation  is  obtained  by  setting  the 
parametric  gain  equal  to  the  cavity  losses.  The  electric  field 
of  the  pump,  sigtud  and  idler  waves  are  expressed  in  terms 
of  complex  amplitude  and  exponentials 

j  {Efz)  exp  i  (k.  z  -m )+  c.c.  } 


where  the  subscript  j  indicaies  signal,  idler  or  pump,  k  is  the 
wavevector,  a>  is  the  angular  frequency,  z  is  the  coordinate 
in  the  direction  of  isopagation,  and  t  is  time.  The  coupled 
equations  describing  parametric  amplification  of 
monochromatic  plane  waves  traveling  in  the  z-direction  are  ' 


dE. 
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dE; 

IT  =  ‘  *1^*.  • 
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where  MKS  units  are  used  and 


K  = 


n  c 


K.  = 
1 


n.  c 


and  K  = 
p 


”p  ^ 


with  n,,  Hj,  and  n.  the  respective  refractive  indices  for 
signal,  idler,  and  pump,  c  the  velocity  of  light,  and  the 
effective  nonlinear  optical  coefficient.  The  solution  used 
here  assumes  that,  at  threshold,  pump  depletion  is 
insignificant,  and  the  respective  changes  in  signal  and  pump 
amplitudes,  A£,  and  A£j,  are  small  compared  to  the 
amplitudes.  Hence,  £,  and  are  treated  as  constant  in 
calculating  the  changes,  that  is, 


A£,  =  i  k  £p£j*/  sinc(Ak//  2)  (5a) 


and  A£.  =  i  pf.  £p  E*l  sinc(Ak  112).  (5b) 

The  length  of  the  nonlinear  crystal  is  again  given  by  / ,  and 
the  sine  function  is  defined  by  sinc(x)  =  $in(x)/x. 


For  the  low  loss  doubly  resonant  oscillators  considered 
here,  Eqs.  (S)  are  adequate  to  model  the  parametric  gain. 
Other  solutions  to  Eqs.  (4)  included  general  monochromatic- 
plane-wave  solutions  thm  allow  both  pump  depletion  and 
arbitrary  changes  in  £^  and  £j  [13]  and  somewhat  more 
restrictive  solutions  which  assume  no  pump  depletion  but 
with  arbitrarily  large  changes  in  £,  and  E^  .[S,7]  The  latter 
was  used  in  [12]  for  thmhold  analysis  of  DROs  with 
arbitrary  stren^  of  resonance. 

The  paramefric  gain  must  compensate  for  both  a 
decrease  in  amplitude  and  for  the  phase  change  due  to 
propagation  in  the  cavity.  The  phasor  diagram  shown  in 
Fig.  5  helps  illustrate  this  discussion.  After  a  round  trip 
ca^ty  transit,  the  signal  electric  field  amplitude  is  reduced  by 
a  factor  (1-a,),  and  the  phase  is  shifted  by  an  angle  v's 
Similarly,  the  idler  amplitude  is  reduced  by  (1^),  and  the 
phase  is  shifted  by  At  threshold  this  change  is  balanced 
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Fig.  3.  Phaser  diagrams  schematically  show  amplitude  losses,  a,  and 
Uj.  and  phase  shifts,  yr,  and  after  one  round-tiip  cavity  transit  for 
signal  an  idler  respectively.  At  threshold  the  increments  of  electric  field 
amplitude  added  by  optical  parametric  amplification,  and  J£j,  must 
rcsioie  the  onginal  fields. 


Hg.  6.  A  comparison  of  the  thresholds  for  DROs  with  different  cavity 
fiiiesse.  Thresholds  are  calculated  as  a  function  of  the  sum  of  the 
cavity-round-trip  phase  shifts  yr  using  Eq.  (12)  for  two  DROs  with 
cavity  finesse  «  360  and  /"j  »  .f j  «  960.  The  shape  of  the 

curve  does  not  change,  but  the  width  defined  as  the  region  over  which 
threshold  is  less  than  twice  its  minimum  value  decieases  for  higher 
finesse. 


by  the  increments  of  electric  field  and  added  by  the 
parametric  interaction; 

(  1  -  j  )  exp(i  vr)  £  +  4£  =  £  ,  (6a)  The  sum  of  the  unpumped-cavity-round-irip  phase 

*  ’  ‘  ‘  ‘  shifts. 


and  (  1  -  a)  expft  yr,)  £,  +  d£.  =  £. 


(6b)  yr  =  vf  -1.  yr.  , 


(10a) 


Choosing  time  so  that  the  pump  amplitude  is  real 
E^=  I  £p  I  ,  expressing  the  signal  and  idler  amplitudes  as 
£j  =  i£jexp(i0p  and  £,  =  |£.  Iexp(j0p,  and 

applying  the  conditions  that  a,,  a^,  yr,,  and  y^j  all  are  small, 

Eqs.  (6)  can  be  written  as 

=  I  I  ®*p<‘  ) 

and  J£.  =  \E  \.Jaf^  exp(j0.-t  );)  ,  (7b) 

where  =  tan"' (iff /a^) and  y.  =  tan”' (V(/ a) . 

Substituting  Eqs.  (7)  into  Eqs.  (4)  results  in  two 
equauons  for  the  complex  arguments  and  two  equations  for 
the  magnitudes.  The  relationships  for  the  complex 
arguments. 


is  useful  for  the  purpose  of  comparison  with  the  results  of 
ref.  [12]  and  for  conversion  to  frequency  mismatch. 
Combining  Eqs.  (9)  and  (10a),  the  individual  phase  shilis 
can  be  expressed  in  terms  of  the  sum  by 


rr^¥ 

(lOb) 

a. 

■  ■■■*  V' 

(10c) 

a 

The  threshold  equation  is  obtained  by  taking  the  product 
of  the  two  equations  for  the  magnitudes  that  are  obtained 
when  Eqs.  (7)  are  substituted  into  Eqs.  (4)  with  the  result 

,  KK.Eh\inz\Akll2) 


0,  +  =  y,  + jr/2 


(8a) 


=  rh\mc\M.llD  .  (11) 


and  d,  +  d,  =  +  >r/  2  , 

immediately  yield  y, »  y,  for  the  stationary  solution  or 

¥,  ¥, 


(8b) 


(9) 


Note  that  this  is  consistent  with  the  result  that  the  sum  of  the 
signal  and  idler  phases  are  constant  when  referenced  to  the 
phase  of  the  pump  for  stable  single-mode-pair  operation.[10] 


The  quantity  is  the  parametric  gain  for  perfect  phase 
matching,  and  it  is  proportional  to  the  pump  intensity  .(7 1 
Using  Eqs.  (10b)  and  (10c),  the  threshold  relationship  given 
by  Eq.  (11)  can  te  written  in  the  form 


£2,2 


!+■ 


sinc'(dtl/2)  '  (a+a) 


(12) 


Figure  6  shows  the  DRO  threshold  parameter  ^  as  a 
function  of  the  phase  shift  sum  v'  u  given  by  Eq.  (12)  for 
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two  sets  of  cavity  losses  0.0087  and  0^  =  0^  = 

0.0033  correspcmding  to  finesse  values  F  =360  and 
F  s  960  of  the  DROs  used  in  the  experimental 
measurements.  The  shape  of  the  threshold  curve  does  not 
change  significantly,  but  the  minimum  value  is  translated 
toward  zero  as  the  losses  decrease.  The  width  of  the 
threshold  curves  defined  as  the  region  over  which  threshold 
is  less  than  twice  the  minimum  value,  therefore,  decreases  as 
cavity  losses  decrease. 

In  the  application  of  Eq.  (12),  thresholds  are  expressed 
in  terms  of  cavity  finesse  b^ause  it  is  easier  to  measure  the 
ratio  of  resonance  width  to  spacing  than  it  is  to  directly 
measure  losses.  A  comparison  of  the  above  analysis  with 
that  of  a  parallel  plate  int^erometer  [14]  or  optical  cavities  in 
general  [IS]  shows  that  the  amplitude  loss  coefficients,  n, 
and  are  related  to  the  cavity  Hnesse  at  signal  and  idler 
frequencies,  F^  and  F^  respectively,  by 

F^  “  .  (13a,b) 

It  is  also  more  convenient  to  use  frequency  mismatch  than 
phase  shifL  The  components  of  the  h^uency  mismatch  are 
related  to  the  phase  shifts  by 

SoiAif. 

^co  = -  and  Am  = - .  (14a,b) 

*  2jr  '2a 


Combining  Eqs.  (12),  (13),  (14),  and  (3)  the  threshold 
equation  becomes 


r2^2 


F;F,%ini\Aklll) 


I  ^  F,Sm,+ F,Sm./ f  ■ 

(15) 


R^-R^ 

I  • 


and  C  = 


1-R^ 

t 


Equation  (16)  is  a  more  accurate  approximation  of  DRO 
thmhold  applicable  for  arbitrary  cavity  loss.  However,  it  is 
unwieldy  and  must  be  evaluated  as  a  limit  when  =  0  or 
when  s  a^.  Evaluation  of  Eq.  (12)  yields  threshold  values 
that  differ  from  those  obtained  from  Eq.  (16)  by 
approximately  the  fraction  .  There  is  a  fortuitous 
ptutial  compensation  for  this  disparity  in  the  approximation 
for  finesse  given  in  Eqs.  (13).  For  F^=^  F^  =  5,  the 
difference  between  Eqs.  (IS)  and  (16)  is  less  than  13%  at  the 
frequency  mismatch  for  which  threshold  is  twice  its 
minimum  value,  and  the  difference  decreases  with  decreasing 
frequency  mismatch.  For  F^  =  F^  =  10,  the  difference  is  4% 
at  twice  minimum  threshold,  and  the  agreement  again 
improves  as  minimum  threshold  is  approached. 


Equations  (12)  or  (IS)  could  be  used  directly  to 
determine  the  mode  pair  with  lowest  threshold  for 
oscillation.  It  is  more  convenient,  however,  to  restrict  the 
possible-mode  pairs  on  which  oscillation  may  take  place  to  a 
small  number  based  on  frequency  mismatch  and  wavevector 
mismatch  considerations.  This  is  done  in  the  next  section 
where  it  is  shown  that  there  are  three  mode  pairs  in  the 
phase-matching  bandwidth  for  which  the  frequency 
mismatch  is  a  minimum.  Which  of  these  three  mode  pairs 
has  the  lowest  threshold  depends  on  the  respective  values  of 
di  and  Am  and  the  cavity  finesse. 


C.  Frequency  selection  in  the  DRO 


The  threshold  relationship  given  by  Eqs.  (12)  or  (IS) 
agrees  with  other  threshold  expressions  under  appropriate 
conditions.  This  result  was  obtained  using  a  first-order- 
plane-wave  approximation  for  parametric  gain.  In  the  case 
of  perfect  phare  matching 

dk  =  0  and  no  ^(^ency  mismatch  dm=0,  these  equations 
reduce  to  FI  =  <2^  a.,  which  is  the  result  obtained 

directly  for  this  case.[7]  Focusing  and  coupling  to  cavity 
modes  [16]  must  be  considered  for  quantitative  threshold 
calculations.  The  plane-wave  derivatioa  of  threshold  is 
adequate  for  the  analysis  of  tuning  where  it  is  requited  only 
to  know  the  relative  dqiendence  of  threshold  on  dk  and  dm. 


The  selection  of  signal  and  idler  frequencies  in  a  cw 
DRO  operating  on  a  single  mode  pair  is  determined  by  two 
conditions:  the  conservation  of  energy  stated  in  Eq.  (1),  and 
minimum  threshold  for  oscillation.  An  approximation  for  the 
threshold  condition  was  given  in  Eq.  (IS).  The  conservation 
of  energy  condition  becomes  implicit  in  the  analysis  of  the 
condition  of  minimum  threshold.  In  this  analysis  it  is 
convenient  to  follow  the  approach  used  by  Boyd  and  Ashkin 
[3]  and  deflne  the  signal  and  idler  axial  mode  numbers 


=  llnj  =  lnjmJ{7K) 

(17a) 

and  ntj  =  2ln.J K  =  ln.fi»J{nc), 

(17b) 

There  is  also  agreement  with  the  central  result  of  Falk's 
analysis  [12]  in  the  limit  of  high  cavity  finesse,  that  is,  a, « 
1  and  <2:  «  1.  Rewritten  in  the  notation  used  here,  Falk's 
Eq.  (9)  becomes 


m 

where,  defrning  R,  «  1  •  a,  and  R|  >  1  -  , 


which  are  continuous  variables  taking  on  integer  values 
at  cavity  resonances.  The  free  space  wavelengths  of 
the  signal  and  idler  are  given  by  and  Aj  respectively, 
and  2hi,  aitd  Hn^  are  the  respective  optical  lengths  for  a 
round-trip  cavity  transit.  The  free  specual  ranges  or 
mode  spacings  of  the  signal  idler  resonances,  Sm^  and 
respectively,  are  the  frequency  changes  which 
change  the  mode  numbers  m,  and  mi  by  one,  that  is, 

[4] 

dm^  I  .  V  —1 

— i  «  — (n  +  m. — -  )  *  5m.  (I8a) 

A»,  ac  •  ‘ 
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dm.  I  ,  dn.  .  , 

and - - — (n. +  0). — !-) 

da,  nc  '  'da, 


(18b)  „  .  ^ I ( A 


The  sum  of  the  mode  numbers 

m  =  m,  +  mj ,  (19) 

which  is  also  a  continuous  variable,  is  useful  for  the 
description  of  cluster  eff^ects.  A  pair  of  signal  and  idler 
frequencies  which  satisfy  Eq.  (1)  and  for  which  m  is  an 
integer  are  called  cluster  hequencies.  In  general,  cavity 
resonances  are  not  located  precisely  at  the  cluster 
frequencies.  Only  the  sum  m^  +  m^  must  be  an  integer  at  the 
cluster  hequencies;  die  individual  mode  numbers  in  general 
differ  from  integers  by  amounts  equal  in  magnitude  but 
opposite  in  sign.  The  cavity  resonance  pain  most  closely 
satisfying  the  conservation  of  energy  condition,  and 
therefore  most  favorable  for  oscillation,  are  also  the 
resonances  for  which  m  is  most  nearly  an  integer. 
Equivalently,  oscillation  frequencies  of  a  DRO  are  displaced 
from  a  frequency  pair  at  which  m  is  integer  by  no  more  than 
one-half  of  the  respective  axial  mode  spacings,  whereas  there 
are  typically  hundreds  of  modes  between  between  adjacent 
sign^  or  idler  cluster  frequencies  at  which  m  is  integer. 

Two  further  quantities  useful  for  the  description  of  the 
mode  hops  and  clusterjumps  of  DRO  tuning,  dm  and  dm^, 
are  obtained  by  subtracting  the  integer  nearest  the  mode 
number  from  the  mode  number 

dm  =  m  -  ROUND(m)  (20a) 


and  dm^  =  ROUND(m,)  .  (20b) 

These  parameters  are  used  in  the  calculation  of  oscillation 
frequencies  and  tuning  variable  tolerances. 


and 


*  (wi  <  W  *  ^  O-V + ^  +  "o . 


~p 


dm.,  I  d^- 


t  Wj 


(22) 


dm,  ^  ,  dm, ,, 


(23) 


Second  order  is  used  for  signal  frequoicy  because  the  first 
order  derivatives  (d/Sklda^)^  and  (dAmlda^^^  become 
zero  at  degeneracy,  and  dispenion  of  dmjda^  is  asential  to 
die  analysis. 

The  notation  of  a  partial  derivative  in  parentheses  with  a 
parameter  subscript  to  the  right  parenthesis  indicates  that  the 
parameter  of  the  subscript  is  held  constant  for  the 
differentiation.  The  conservation  of  energy  condition  is 
introduced  through  this  device.  Consider  a  function  which  is 
dependent  on  the  signal,  idler  and  pump  frequencies 
/  =  /(fi),,A>;,a>p)  and  require  that  the  conservation  of 
energy  condition  tu,  -t-  cu,  =  holds.  Differentiation  with 
respect  to  a^  with  a.  held  constant  requires  that  as  ai^  is 
increased  a^  must  decrease,  or 

df\  .  df  df_ 


(t^)  = 

'  <5a),  ^a 


15a^ 


5sr 


and  similarly. 


5©p  'a^  5wp  da, 


At  optimum  operating  conditions,  the  parameters 
Am.  and  Am,  will  all  be  zero  indicating  perfect  phase 
matching  and  simultaneous  cavity  resonances  at  the  desired 
signal  and  idler  frequencies.  Adjustment  of  three 
independent  parameters  is  required  to  reach  this  condition. 
The  discussion  presented  here  is  given  in  general  terms  using 
parameten  Ait,  m,  and  m,  and  in  specific  terms  of  the  tuning 
or  control  parameters  used  in  the  experimental  observations. 
The  experimental  observations  use  temperature  r  and  applied 
potential  V  as  adjustable  parameters  to  control  the  variable 
parameter  signal  frequency  0),.  Pump  frequency  oil  is  used 
as  the  required  third  adjustable  parameter  to  the  calculations. 
Simple  Taylor's  expansions  for  Ait,  m,  and  m,  were  found 
adequate  to  model  the  observed  frequency  tuning: 


The  derivatives  used  in  Eqs.  (21),  (22)  and  (23)  are 
expanded  in  Table  I.  The  differentiation  is  straight  forward 
and  can  be  verified  by  inspection  of  Eqs.  (2),  (17)  and  (19). 

1.  The  phase-match  curve  and  the  cluster  curves 

A  number  of  equations  considered  below  are  identical 
except  for  exchange  of  the  tuning  variable.  An  economy  of 
notation  is  possible  using  a  general  tuning  parameter 
which  is  T,  V  or  (Up  in  the  specific  example  or  more 
generally  any  single*^ parameter  used  to  tune  a  DRO.  A 
phase-matching  curve  as  used  here  gives  the  signal 
frequency  for  which  A/t  >  0  as  a  function  of  tuning  parameter 
and  is  denoted  by  a>,j>u(C  )•  This  curve  is  obtained  from 
Eq.  (21)  or  a  similar  equraon  by  setting  the  other  adjustable 
parameters  to  fixed  vtdues  and  setting  At «  0.  The  cluster 
curves  g(C  )  pve  the  signal  cluster  frequencies  as  a 
frmetion  cf  the  tuning  panmeter  The  cluster  curves  can  be 
obtained  from  Eq.  (22)  or  a  similar  equation  by  setting  m  to 
integer  values  and  again  setting  the  other  adjustable 
/2|)  parameters  to  fixed  values.  For  type-I  phase  matching,  the 
''  ’  phase-matching  curve  is  a  parabola-like  curve  as  shown  in 
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Table  I.  Derivatives  used  to  calculate 
tuning  of  a  monolithic  DRO. 


d  fftj  t  dn,  ^  ^  drif 

d(0^  KC  dco^  ’  do)^ 
dm^  I  dn^  a),nj  dl 

W  '  licdf' 


<?m, 

IT 

dfn 


ffc  '' 


W*  dV^ 


^  /  /  <9n.  <7n,  V 

- —  J  =  —  {n-n.  +  O)  — i  _  <u. — • ) 

do)/o)^  ‘Au,  '3q)./ 

( djn\  i  dn^\  <?  1 

{p.)  .±{n.^^p) 

^dco^^to  nc  '  ‘  'd<a 


dm  //'<?«,  \  1  ,  .  <9/ 

7r  -tMw 


dm 

dV 


n  (I)  +n  ox  dl  I  /  dn  dn  . 
*  *  ‘  ‘  •—  ^  —  ( eu  ^—2  a.  CD  — ^  ) 

pc  ffc ''  ^ 


>dV  'dV 


Fig.  1,  and  the  cluster  curves  are  a  family  of  parabola-like 
curves.  The  oscillating  frequencies  are  closest  to  the  cluster 
curves  near  the  points  where  the  cluster  curves  intersect  the 
phase-matching  curve. 


The  signal  frequency  separation  of  adjacent  clusters 
can  be  obtained  from  the  second-order  approximation 


dm  (cluster)  =  ±1 


4(4^), 


2  4}„ 


(24) 


Away  from  degeneracy  the  first  order  term  dominates,  and 
Eq.  (24)  is  approximated  by 


~  5e»,  -  ’ 


(25) 


in  agreement  with  ref.  [4].  Phase-matching  limitations  result 
in  a  gain  bandwidth  with  half  maximum  values  at  the 
frequencies  where  d*  =  ±  0.886n  II  k!  I  and  a 
corresponding  signal  frequency  full  width  at  half  maximum 
of 


dmfGain-FWHM)  =  1^(4^)  I  .  (26) 

*  /  ^0(0.  '(O 

s  p  i 

In  the  specific  case  of  the  monolithic  DRO,  for  which 
derivatives  are  given  in  Table  1,  Till  (dm/dw^)^  = 
-(^di/A»j)„  ,  and  dm  (Gain-FWHM)  -  2 12^  .  Sinc^’thc 
fr^uency  serration  of  the  clusters  is  approximately  one- 
half  of  the  parametric  gain  bandwidth,  there  are  two  or  three 
clusters  within  the  gain  bandwidth.  This  is  true  for  any  DRO 
in  which  the  nonlinear  crystal  is  the  only  dispersive 
component  and  the  crystal  is  traversed  twice  in  each  round- 
trip  cavity  transit  but  has  parametric  gain  in  only  one 
direction. 


2.  Oscillation  frequencies 

The  oscillation  frequencies  are  determined  by  phase 
matching,  the  center  frequencies  of  the  signal  and  idler  cavity 
resonances,  the  frequency  mismatch  of  the  resonances,  the 
finesse  values  of  the  resonances,  and  the  axial  mode 
spacings.  To  model  experimental  observations,  the 
frequencies  of  the  parametric  oscillation  ate  calculated  with 
the  following  procedure.  FirsL  the  signal  frequency  for 
phase  matching  o),  p|^  is  found  for  specified  tuning 
parameters  using  the'  condition  dJf  s  0.  Next  the  signal 
cluster  frequency  oi,  n  closest  to  <u,  p|^  is  found  using  the 
condition  dm  «  0.  If  the  DRO  cavity  has  only  moderate  or 
low  finesse,  and  the  precise  oscillating  frequency  and  mode 
hops  are  not  of  concern,  these  two  steps  are  all  that  is 
required.  The  extra  resolution  of  frequency  tuning  can  be 
obtained  from  the  value  of  dm,  at  the  cluster  frequency 
m,  (;|.  This  value  is  called  dm,  q  to  indicate  that  it  is 
calculaied  at  the  cluster  frequency  m,  for  the  specified 
tuning  condidoni.  Knowle^  of  the'  cavity  finesse  and 
mode  spacing  in  addition  to  the  value  of  dm,^Q  pennits  the 
detailed  calculation  of  oscillation  frequencies. 
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The  procedure  for  detenniniiig  the  fine  details  of  tuning 
is  illustrated  in  Fig.  7.  The  signal  cluster  frequency  tUg^Q 
obtained  by  the  steps  described  above  is  a  reference  p^t 
from  which  to  start  The  center  of  the  nearest  signal 
resonance  is  displaced  from  oi^q  by  frequency 
-dm,  ci^s  where  is  the  signal  axial-mode  frequency 
separation.  The  center  of  the  nearest  idler  resonance  is 
displaced  by  -dm^  Cl^i  complementary  idler 

cluster  frequency  (ui  q  =  <Up  where  is  the  idler 
mode  frequency  sepmaiion  and  oL  is  the  pump  frequency. 
Since  to,  q  is  a  cluster  frequency  wiiere  dm  «  0,  dni^  g  » 
-dm,^Q  blowing  the  frequency  mismatch  of  the  signal-idler 
mode  pair  to  be  expressed  as 

dfi)  =  dm^Q  (&),  -  Sea.)  .  (27) 

Recall  that  the  frequency  mismatch  is  the  shift  in  frequency 
of  either  signal  or  idler  resonance  required  to  bring  the 
resonance  pair  into  coincidence  for  satisfying  the 
conservation  of  energy  condition. 

The  displacement  of  the  signal  oscillation  frequency 
0),  otc  ^  center  of  the  signal  cavity  resonance  is  dm, . 
and  the  displacement  of  the  idler  oscillation  frequency  tt^oK 
from  the  center  of  the  idler  cavity  resonance  is  doi^ .  Using 
the  earlier  definitions  and  conditions  imposed  on  round-trip 
cavity  phase  shifts  for  a  stationary  sdution  given  in  Eqs.  (3), 
(10),  (13),  and  (14),  it  follows  that 

=  dm  &»,/■.  /  (Sta/".  +  )  (28a) 

and  dm  =  dm  SaT  /  (&»  f  +  SoiF  )  .  (28b) 

Finally,  the  signal  oscillation  frequency  is  given  by  the  sum 
of  the  cluster  frequency  plus  the  frequency  separation  of  the 
signal  cavity  resonance  from  the  cluster  frequency  plus  the 
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frequency  shift  from  the  center  of  the  signal  cavity 
resonance,  that  is. 


i,Otc 


-  ■^.,a  + 


dm. 


s  m. 


s.a 


-  dm. 


•,a 


&»/;  -*■  5m, F-. 


(29) 


Equations  (27)  and  (28a)  are  substituted  to  obtain  the  second 
st^ofEq.  (29). 


The  tuning  rate  for  a  general  tuning  parameter  ^  could 
be  obtained  by  direct  differentiation  of  Eq.  (29),  or  more 
simply  by  considering  the  tuning  rates  of  the  cavity 
resonances.  The  nming  rate  for  the  frequency  of  the  signal 
mode  is  and  that  for  the  frequency  of  the  idler 

is  -5q\x^/5{^.  The  tuning  rates  of  the  cavity  resonances 
are  combined  to  yield  the  rate  of  change  of  the  frequency 
mismatch. 


5dm 


5m  '^*  +  5m.^^  =  (5m  *■  5m~^ 


The  tuning  rate  of  the  signal  oscillation  frequency  is  the  sum 
(tf  tuning  rate  of  the  signal  resonance  plus  the  fraction  5m, F/ 
(5m,F‘j  +  Sa{f^ )  of  5d(iV5C .  that  is. 


^<»i.Oic 


5m^5mt 
5m,Fi  +  5m,F, 


.  (30) 


This  tuning  is  limited  to  a  small  range  by  mode  hops  or 
increased  cavity  losses  as  the  oscillation  is  pulled  off  the 
peaks  of  the  cavity  resonances.  On  a  broader  scale,  tuning 
progresses  along  a  cluster  curve  in  a  series  of  mode  hops.  If 
Finesse  is  high  it  is  possible  that  the  oscillation  jumps  back 
and  forth  between  adjacent  cluster  curves  as  well  as  hops 
from  one  mode-pair  to  the  next  along  each  of  the  cluster 
curves.  The  analysis  of  cluster  jumps  requires  the  mode-hop 
structure  on  two  or  three  cluster  curves  closest  to  phase 
matching  be  compared  to  determine  which  cluster  curve 
provides  conditions  most  favorable  for  oscillation. 


The  dependence  of  the  continuous  tuning  on  cavity 
ftnesse  is  apparent  in  Eq.  (30). 

The  higher  finesse  resonance  more  strong  pulls  the 
frequency  of  oscillation  than  completnetuary  resonance  with 
lower  fiiiesse  and  greater  width.  Some  caution,  however,  is 
required  in  the  use  of  this  equation.  For  example  the 
calculation  of  and  du^Q^dr  for  DROs  with 

nearly  equal  signuatid  idler  finesse  involves  the  small 
difference  of  two  quantities.  In  such  situations  it  is 
important  that  the  lenns  on  the  right  hand  side  of  Eq.  (30)  be 
evaluated  accurately  for  the  specified  operating  conditions. 


3.  Timing  limits  and  mode  hops 


Hg.7.  Ad|»wl-idtorisioBMic»disgiamdsiilwtoHg.3wpMiilwtlB 
derail  to  show  nlariamti^  heiwMB  p—iiwi.  The  iipnl  mA  idiw 
cavity  iMonaneea  on  wUdi  osdBaiion  oeean  an  iMiphtwl  ftna  the 
leapecUve  dnitar  fin^MnciM  •(ri*Bd*itq  for  tin  gnMtal  cam  of 
nonMTo  frequency  imwimch.  Tha  DRO  otalEitiiil  fiaqaancias  ai^QgQ 
and  0)}  divide  the  frequency  ndimndi  Am  into  the  ooaiponanu 
dot,  aiMd^ . 


Mode  hops  are  periodic  along  the  cluster  curves 
occurring  every  time  iii,g  changes  by  one.  Recall  that 
m-  g  is  the  value  of  m,  on  me  cluster  curve  where  dm  «  0. 
The  change  of  tuning  parameter  5C^op.,pacjn| 
corresponds  to  a  mode  hop  is  a  quantity  that  is  easily 
measured  expreimenially.  Since  a  mode  hop  corresponds  to 
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a  change  of  one  in  m^Q,  it  follows  that  the  tuning  parameter 
change  corresponding  to  the  mode-hop  spacing  is 

=  I  •  (31) 

In  ihe  evaluation  of  Id^  it  is  helpful  to  use  the 

derivative 

_  dm  (dm\ 
dC  ~  dc  ^do)/a^ 


matching  gain  bandwidth  if  a  favorable  coincidence  of  signal 
and  idler  resonance  exists  on  that  cluster  curve. 

Plotting  the  mode  ht^  fitequency  limits  and  the 

finesse  fiequoicy  limits  in  addition  to  the  cluster  curve 
provides  additional  inframation  concerning  the  fine  detail  of 
tuning.  On  a  broader  scale,  it  is  informative  to  display 
curves  defining  the  phase-matching  gain  bandwidth  along 
with  the  phase-matching  curve.  It  may  also  be  useful  to 
display  more  than  one  cluster  curve  near  the  phase-matching 
curve. 


S(o,Sa)i  dm 
Auj  -  5®,  ■ 


(32) 


The  first  step  simply  stales  that  the  cluster  frequency  ®.  q 
must  change  with  the  Uming  parameter  in  such  a  way  that 
m  does  not  change,  and  the  second  step  is  obtained  using 
Eqs.  (18)  and  (19).  It  is  possible  to  expand  the  derivative 
dm^  Cl  11^1  using  the  chain  rule  of  differentiation  and 
'hen  using  Eqs.  (18)  and  (32)  to  obtain 

5m,  Cl  _  dm^  dm^  ^®i.ci  _  ^ 

'  ~d^  ^  5®.  5 j  “  IT  ~  ^ 


Another  useful  parameter  is  the  maximum  frequency 
shift  from  the  cluster  curve  that  can  be  achieved  without  a 
mode  hop  (®,  ^  -  m,  ^i)  -  31ii$  is  obtained  direcdy  when 
the  extreme  values  of  .Cl  =  ^  1/2  are  inserted  into  Eq. 
(29)  to  yield 


1  (f j  + 

“s.Hop-  "..a  =  *2  5(UL/;  +  &i)/; 


(34) 


Cavity  finesse  can  also  limit  the  single  parameter  tuning 
range.  It  follows  from  Eq.  (IS)  that  threshold  is  double  its 
minimum  value  when  Ihe  fi^uency  mismatch  d®  reaches 
the  value 


d®  = 


5»,+/',5®i 

2^1^. 


The  corresponding  value  of  dm,  q  is  obtained  from  Eq. 
(27).  Upon  substitution  into  (29)  the  maximum 
displacement  of  signal  oscillation  firequency  from  the  cluster 
frequency  allowed  by  cavity  finesse  is  fiiund  to  be 


®  _.  -  (O  ^ 
•J’la  “'*.a 


(35) 


If  finesse  is  large  the  frequency  displacement  allowed  by 
Eq.  (35)  becomes  significantly  smaller  than  the  frequency 
displacement  required  for  a  mode  hop  described  by  Eq.  (34). 
In  this  case  parametric  oscillation  on  the  cluster  curve  closest 
to  phase  matching  ceases  in  a  region  around  the  mode  hop. 
It  is  then  possible  for  the  psnmetric  oscillation  frequencies  to 
jump  to  an  adjacent  cluster  curve  that  is  stiU  within  the  phase- 


An  attempt  has  been  made  to  keep  the  results  of  this 
section  general.  For  application  to  the  specific  case  of  a 
monolithic  DRO  tuned  by  temperature,  rqiplied  potential,  and 
pump  frequency,  the  aj^ropriate  variables  and  derivatives 
from  Table  I  are  directly  substituted  for  the  terms  involving 
the  general  Dining  pararneter  Evaluation  of  the  derivatives 
for  the  case  of  monolithic  DROs  made  from  Mg0:LiNb03 
with  propagation  in  the  x-direction  with  electric  field  applied 
in  the  y-direcdon  is  discussed  in  Appendix  A.  Temperature 
dependent  dispersion,  thermal  expansion,  the  electro-optic 
effect  and  the  piezoelectric  effect  of  the  nonlinear  optical 
material  are  used  in  the  evaluation.  Results  of  this  evaluation 
for  experimental  conditions  described  in  the  next  section  are 
given  in  Table  n. 


III.  Experimental  observations  and  modeling 
A.  Experimental  conditions 

Two  monolithic  DROs  which  have  been  described 
earlier  [17,18]  were  used  in  the  experimental  observations. 
One  DRO  had  lower  finesse  and  had  to  be  pulse-pumped  to 
achieve  the  higher  threshold  power  needed  for  parametric 
oscillation.  The  higher  finesse  DRO  operated  above 
threshold  with  the  available  continuous  pumping.  The  pump 
source  was  a  diode-laser-pumped  nonplanar  ring  oscillator 
[19,20]  constructed  of  neodymium  dop^  yttrium  aluminum 
garnet  (Nd:YAG)  with  the  1064-nm  laser  output  converted  to 
532  nm  by  externally  resonant  second  harmonic 
generation.[21]  Approximately  30  mW  of  cw  pump 
radiation  was  generated.  The  laser  operated  in  a  single 
longitudinal  and  single  transverse  mode.  For  cw  operation 
of  the  laser,  fundamental  frequency  stability  was  typically  10 
kHz  over  short  periods  of  time.[22,23]  This  value  is 
doubled  at  the  second  harmonic.  Higher  peak  power  at 
similar  average  power  was  obtained  by  driving  the  laser  into 
relaxation  oscilliuions  by  10%  amplitude  modulation  of  the 
diode  laser  output  at  320  kHz.  Oo^  frequency  stability  and 
high  optical  quality  of  the  pump  radiation,  such  as  that 
achieved  with  the  diode-laser-pumped  solid-state  laser,  are 
important  for  obtaining  stable  DRO  perframance. 

Both  monolithic  DROs  were  operated  with  a  ring 
resonator  configuration.  They  were  constructed  from  S% 
magnesium  oxide  doped  lithium  niobate 
(M^LiNb03).[24,2S]  Each  of  these  monolithic  resonators 
was  12.5-mm  long  with  the  crystal  x-axis  in  the  long 
direction.  The  ring  paths  were  formed  by  reflections  from 
two  multilayer  dielectric  coated  surfaces  with  10-mm  radius 
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TABLE  II. 

Values  of  parameters  and  derivatives  used  to  model  tuning  of 
MgO:LiNb03  Monolithic  DROs. 

/=  0.0125  m.  =  3.54070  X  10**  rad/s,  =  1.77035  x  lO”  rad/s.  Tq  = 

=  107.04  C, 

II 

o 

II 

3.05  X  10""  (rad/s)*' 

=  0 

II 

0 

=  1.10  X  10'^’ (rad/s) 

-1  (ijs.)  =  2.20  X  lO'^’  (rad/s)*' 

hr 

=  -5.53  X  10*“ 

rad/m 

(rad/s)^ 

dm, 

_ — i  s 

0 

(ia.)  =  3.05  X  10*"  (rad/s)*' 
^dm/o\ 

5.44x10-' 2!^ 
rad/s 

dm, 

■JT" 

1.02 -C' 

^  -  2  03  'cr' 

=  749 

rad/m 

•c 

dm. 

-1.81  X  lO'^m/V 

;)m  -3.63x  10*‘mA' 

dAk  3.61  X  10'^  nd/m 

(a) 

Sv  = 

t 

SV  =  r 

1  V/m 

(a)  The  panmeter  t  is  the  effective  thickness  of  the  crystal  in  meters. 


of  curvaoire  and  a  totally  iniemally  reflecting  (TIR)  surface. 
The  centen  of  curvature  of  the  spherical  sutCi^  were  on  a 
line  parallel  to  and  180  pm  iruide  the  fUt  TIR  surface.  A 
drawing  of  the  monolithic  DROs  is  shown  in  Fig.  8.  The 
S32-nm  pump  beam  was  mode  matched  for  collinear 
propagation  on  the  segment  of  the  ting  path  pmallel  to  the 
crystal  x-axis.  The  pump  beam  with  extraordinary 
polarization  did  not  folkm  die  cloied  path  of  the  signal  and 
idler  waves  with  ordinary  polarization  because  of  bi- 
leflecticn. 

Metal  coatiagi  for  electric  fleld  tuning  were  applied  to 
the  crystal  lutfacea  perpendicular  to  the  y-axis.  The 
thickneu  of  the  cryitals  between  the  electredeawai  2.2  mm. 
The  fineaie  of  both  MOa  at  1j064  pm  waa  meaaured  using 
the  NdiYAO  laser  output  ditecdy  without  second  hannonk 
generation.  Eleciric*fleld  hming  was  used  to  scan  the 
resonaton  through  a  free  spectral  range  and  ttansmiasion 
through  the  resonaton  gave  a  measure  of  resonance  width 
relative  to  the  mode  spadng.  One  MtO  has  a  finesse  of  360 
and  the  other  had  finesse  of  960.  Tlie  lower  finesse  device 
had  an  experimentally  observed  threshold  far  cwpewmetric 
oscillation  nsdllatinn  of  35  mW.  and  the  higher  finesse  MtO 
had  a  threshold  of  12  mW.  The  pump  source  could  produce 
approximately  30  mW  ofcw  radiaiion  at  332  tun.  The 


I  beamsplitter 


monochromator 

Fig.  9.  SctaoHik  rtfitmautkn  of  dw  Mtop  lued  for  DRO  omini 


higher  threshold  OPO  was  pumped  by  S32*nm  second 
hwwxwtn  which  consisied  of  400^  puhres  with  230-mW 
peak  power  at  320-kHzrepetitioo  rate. 

The  output  of  the  mOs  was  tuned  by  temperature  and 
electric  field.  Noncritical  phasematching  in  Mg0:LiNb03 
was  achieved  for  degeneracy  at  107  ‘C.  and  u  temperature 
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was  increased  the  signal  and  idler  wavelengths  separated 
from  the  1.064-pin  degeneracy  point.  For  the  tuning  studies 
the  potential  applied  to  the  crystal  was  repetitively  ramped  at 
fixed  temperature.  Output  wavelength  measurements  were 
repeated  at  incrementally  changed  temperatures.  A //lO,  one- 
meter  grating  monochromator  with  a  600-line/mm  grating 
^as  used  for  wavelength  measurement.  The  DRO  output 
directed  into  the  monochromator  consisted  of  a  series  of 
pulses;  these  pulses  resulted  either  from  the  pulse  pumping 
or  from  the  mode  hops  produced  by  the  ramped  voltage  with 
continuous  pumping.  The  radiation  transmitted  by  the 
monochromator  usually  consisted  of  a  few  pulses  in  a 
narrow  spectral  band  which  could  be  correlate  with  the 
potential  applied  to  the  DRO  electrodes.  A  schematic 
representation  of  the  experimental  setup  is  show  in  Fig.  9. 

B.  Cluster  tuning 

The  tuning  of  the  high  finesse  DRO  involved  spectral 
jumps  back  and  forth  between  cluster  curves  as  well  as  mode 
hops  along  the  cluster  curves.  This  behavior  is  illustrated  in 
Fig.  10,  where  DRO  output  is  displayed  for  a  small  voltage 
range  at  a  constant  temperature.  In  this  figure  output  is 
resolved  on  three  separate  cluster  curves.  The 
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I'lg.  10.  Oscillograms  of  cw-pumped  DRO  ouipui  showing 
simultaneous  output  on  three  cluster  curves.  The  signel  displayed  is 
ihai  produced  by  a  photodiode  placed  after  a  monochromator  with  slits 
adjusted  for  5-nm  bandpass.  Each  of  the  oscillogiams  conesponds  to 
the  same  portion  of  the  ramped  voltage  applied  to  the  DRO.  The 
change  in  applied  potential  it  indicated.  The  oedllogtamt  differ  only  in 
the  wavelength  setting  of  the  monochromaior  indicated  for  the 
individual  traces.  The  output  on  the  central  duster  dominaiet  and  it  so 
strong  that  the  oscilloscope  trace  does  not  return  to  the  baKUne. 


monochromator  slits  were  opened  to  provide  5-nm 
transmission  width ,  sufficient  to  resolve  the  individual 
clusters  while  transmitting  a  number  of  mode  hops.  The 
central  cluster  curve  with  signal  wavelength  near  1043  nm 
dominated.  Two  other  cluster  curves  fit  within  the  phase¬ 
matching  gain  bandwidth,  and  output  on  these  curves  was 
observed  near  1053  and  1037  nm.  Competition  with  ihc 
central  cluster  curve,  which  depletes  the  pump  wave,  is 
evident  in  the  two  cluster  curves  to  either  side. 

Three  adjustable  parameters  were  used  to  fit  Eq.  (21) 
and  (22)  to  the  observations.  A  temperature  offset  correcuon 
is  used  to  fit  the  calculated  phase-matching  curve.  There  arc 
inaccuracies  in  both  the  absolute  measurement  of  tempcraiurc 
and  in  the  temperature  dependance  of  the  dispersion 
relationships  that  make  this  necessary.  The  temperature 
adjustment  was  accomplished  by  shifting  the  data  a  fraction 
of  1  *C  but  could  have  equally  well  been  done  by  changing 
the  parameter  vUq  in  Eq.  (21).  Another  fitting  parameter  is 
required  because  the  optical  lengths  of  the  DROs  are  not 
precisely  known.  This  is  accomplished  by  changing  the 
value  of  ntQ  in  Eq.  (22)  and  has  the  effect  of  adjusting  the 
placement  of  the  cluster  curves.  The  thickness  of  the  DRO 
crystals  is  also  used  as  a  fitting  parameter.  The  electrodes  do 
not  completely  cover  the  surfaces,  and  fringing  effects  arc 
not  considered.  Instead,  it  is  assumed  that  there  is  a  uniform 
electric  field  in  the  y-direetton  given  by  £  =  y  / 1  where  l 
is  the  applied  potential  and  t  is  an  effective  thickness. 
Adjusting  the  thickness  has  the  effect  of  changing  the  slopes 
of  the  cluster  curves  and  voltage  tuned  phase-matching 
curve.  It  is  interesting  to  note  that  the  piezoelectric  cffcei  in 
addition  to  the  electro-optic  effect  is  needed  to  model  ihc 
observed  tuning.  When  only  the  electro-optic  effect  is  used, 
the  calculated  voltage-tuned  cluster  curves  are  parallel  to  the 
voltage-tuned  phase-matching  curve.  A  fourth  fitting 
parameter  not  used  here  is  the  constant  m^  Q  in  Eq.  (23). 
Adjusunent  of  g  would  allow  for  different’phase  shifts  at 
the  mirror  surfaces  for  rignal  and  idler  and  the  possibility  oi 
different  cavity  lengths.^  Adjustment  of  q  will  change  the 
calculated  position  of  the  mo^  hops. 

The  observed  and  fitted  tuning  curves  for  the  DROs  arc 
shown  in  Figs.  11  and  12.  The  theory  is  most  easily 
expressed  in  terms  of  frequency.  Frequency,  therefore,  is 
used  as  the  primary  ordinate  scale  in  these  graphs,  and 
wavelength  is  included  as  a  secondary  scale  for  reference. 
The  temperature-tuned  phase-matching  curves  are  shown  in 
the  (a)  portions  of  both  figures.  At  each  temperature  setting, 
a  range  of  output  wavelengths  is  obtained  by  voltage  tuning. 
In  most  cases,  the  observed  tuning  ranges  cover  the  space 
between  and  extend  slightly  beyond  the  calculated 
temperature-dependent  tuning  curves  for  the  extreme 
voltages.  Voltage  was  ramped  from  0  to  1  ISO  V,  and  when 
the  crystal  was  reversed  from  0  to  -1150  V.  Parts  (b) 
through  (d)  of  Figs.  1 1  and  12  show  the  voltage  tuning  at 
selected  fixed  temperatures.  The  data  are  the  voltages  at 
which  output  was  observed  at  selected  frequencies. 
Calculated  phase-matching  curves,  gain-bandwidth  curves, 
and  cluster  curves  are  shown  for  comparison.  In  some 
instances  die  data  are  located  in  lines  parallel  to  the  calculated 
cluster  curves  but  not  on  the  cluster  curves.  This  most  likely 
is  caused  by  inaccuracy  in  temperature  measurement,  and 
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phase-matching 
gam  bandwidth 
cluster  curves 
data  points 

tuning  range 


I  ig  1 1  Observed  and  calculated  turung  for  the  pulsed-pumped  DRO 
Aiih  finesse  of  360  The  open  vertical  bars  in  (a)  show  the  extent  of 
tuning  observed  as  appUed  potential  was  ramped  from  0  to  11  SO  V  at 
constant  temperature.  The  solid  Lines  in  back  of  the  vertical  bars  are 
calculated  phase -matching  curves  for  the  extreme  voltages.  Voltage 
tuning  for  three  temperatures  is  shown  in  (b)  through  (d).  where  the 
heavy  central  lines  are  the  calculated  phase-matching  curves,  and  the 
dashed  lines  indicate  the  limits  of  the  phase-matching  bandwidth.  The 
Jolted  lines  are  calculated  cluster  curves,  and  the  heavy  dots  are  observed 
operating  points  of  the  DRO  This  DRO.  which  has  only  moderate 
finesse,  exhibits  few  jumps  between  cluster  curves  as  the  voltage  is 
ramped  The  data  are  measurements  of  appUed  potential  for  a  Umiled 
campling  of  output  firequencies.  and  do  not  represent  individual  mode 
hops 


cutncidence  could  be  obtained  by  choosing  a  different 
temperature  calibration  for  each  setting.  In  practice  DRO 
tuning  may  provide  an  accurate  measurement  of  its 
temperature.  The  DRO  sensitivity  to  temperature  will 
become  more  apparent  later  when  the  details  of  tuning  are 
discussed. 

Figures  11  and  12  appear  similar  in  a  cursory 
examination;  however,  one  aspect  of  tuning  dependance  on 
finesse  is  illustrated.  The  lower  finesse  DRO,  with  tuning 
shown  in  Fig.  12,  usually  oscillates  on  the  single  cluster 
curve  nearest  the  phase-matching  curve.  Sometimes  the 
oscillation  jumps  back  and  forth  between  two  cluster  curves 
when  they  are  nearly  equal  distant  from  phase  matching. 
The  output  of  the  higher  flnesse  DRO  with  tuning  shown  in 
Fig.  12  jumps  between  two  or  three  cluster  curves.  This  is 
in  agreement  with  theoretical  predictions  that  show  the  tuning 


limit  imposed  on  the  /"=  960  DRO  by  the  resonance  w  idihs, 
that  is,  finesse  limit  of  tuning  is  reach^  before  the  mode-hop 
limit  of  tuning  for  most  conditions  encountered. 

The  cluster  curves  also  are  dependent  on  temperature. 
The  data  displayed  in  Fig.  12  is  interpreted  to  show 
temperature  tuning  at  constant  voltage  in  Fig.  13.  Here  the 
data  points  are  either  interpolated  from  measurements  of 
cluster  tuning  with  voltage  both  higher  and  lower  than  the 
selected  voltage,  or  extrapolated  from  measurements  of 
cluster  curve  that  nearly  reached  the  selected  voltage.  The 
calculated  phase-matching,  gain-bandwidth,  and  cluster 
curves  ate  again  in  reasonable  agreement  with  observation. 

C.  Axial-mode-hop  tuning 

There  is  good  agreement  between  observation  and  the 
calculated  voltage  change  required  to  produce  a  mode  hop. 
Observations  similar  to  those  illustrated  in  Fig.  10  were 
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Tig  12.  Observed  and  calculated  tuning  tor  the  cw-pumped  DRO  with 
linesse  of  960.  As  in  Rg.  11,  the  open  bars  m  (a)  indicate  the  tange  of 
tuning  as  voltage  was  ramped,  in  this  case  between  -I ISO  V  and  0,  and 
the  solid  lines  in  back  of  the  vertical  bars  are  the  calculated  phase- 
matching  curves  for  the  two  extreme  voltages.  Voltage  tuning  is 
shown  for  three  lempeiatures  in  (b)  -  (d).  This  DRO,  which  has  higher 
finesse,  exhibits  a  number  of  frequency  jumps  between  three  cluster 
curves  as  voltage  i$  tuned. 
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performed  under  different  conditions.  The  results  are  shown 
in  Fig.  14  in  which  is  displayed  as  a  function 

of  detuning  from  degenet^^Tne  calculate  line  is  obtained 
from  Eqs.  (31)  and  (33).  The  uining  parameter  is  voltage 
and  it  is  necessary  to  substitute  V  for  ^  in  the  equations  and 
further  substitute  the  appropriate  values  from  Table  II,  and 
evaluate  the  derivative  as  a  function  of  signal 

frequency.  The  approximations  grwn  in  the  next  section  by 
Eqs.  (37)  and  (38)  also  work  well  in  the  evaluation  of  Eq. 
(31). 


Calculations  of  axial-mode-hop  tuning  along  cluster 
curves  were  performed  for  conditions  that  would 
approximate  those  used  to  produce  Fig.  10.  The  same  rating 
parameters  were  used  as  in  Figs.  12  and  13.  An  operating 
temperature  and  center  voltage  were  chosen  to  give  three 
cluster  curves  centered  on  phase  matching  at  the  observed 
operating  frequencies.  This  was  done  by  manipulation  and 
solution  of  Eqs.  (21)  and  (22).  Calculated  phase-matching, 
gain-bandwidth,  and  cluster  curves  in  this  region  are  shown 
in  Fig.  ISa.  Calculated  tuning  along  the  three  cluster  curves 
with  the  detail  of  mode  hops  is  shown  in  Figs.  ISb.  c,  and 
d.  These  uining  curves  were  obtained  using  Eq.  (22)  to 
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calculate  the  cluster  signal  frequency  co,  Eq.  (23)  to 
calculate  the  signal  mode  number  m,  at  the  cluster 
frequency,  and  Eq.  (29)  u>  calculated  the  signal  frequency  of 
the  oscillation.  The  mode-hop  frequency  limits  given  by  Eq. 
(34)  and  the  finesse  frequency  limits  given  by  Eq.  (36)  are 
abo  shown. 

When  the  oscillating  signal  frequency  differs  from  the 
clusutr  signal  frequency  by  mote  than  the  mode-hop  limit,  it 
is  advantageous  for  the  oscillation  u>  shift  to  another  signal- 
idler  resonance  pair.  When  the  oscillating  frequency 
excunion  from  the  cluster  frequency  reaches  the  finesse 
limit,  threshold  for  parametric  oscillation  is  double  the  value 
it  had  when  the  oscillation  frequencies  coincided  with  the 
cluster  frequencies,  and  threshold  increases  for  greater 
excunions  of  the  oscillation  frequency  from  the  cluster 
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Fig.  1 3.  Obicrved  ml  calculated  oining  for  the  cw-pumped  mO  as  a 
function  of  temperature.  The  same  tuning  data  that  wu  used  in  Hg.  12 
is  used  here.  A  fixed  voltage  of  -200  V  was  chosen.  For  the  cases 
where  oscillalion  on  a  cluster  curve  was  observed  at  voltages  both 
higher  and  lower  than  this  voltage,  frequencies  were  obtained  by 
mieipolation  and  are  represented  by  a  solid  data  poiixs.  For  the  cases  in 
which  cluster  tuning  came  close  but  did  not  teach  this  voltage, 
frequencies  were  obtained  by  extrapolation  and  ate  represented  by  open 
dau  points.  The  doited  linea  are  pactions  of  the  calculsced  tempeiaiaie 
dependent  cluster  curves.  The  calculated  phase-matching  curve  is  the 
central  heavy  line,  and  the  dashed  lines  diow  the  approxiiruue  gain 
barxlwidth  limits. 
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Fig.  14.  Mode  hop  spacing  in  applied  potential  as  a  function  of 
detuning  Grom  degeneracy.  The  dots  are  data  points  aid  the  solid  line  is 
calculated  ftom  theory. 


frequency.  Figure  IS  illuintet  how  cluster  jumps  can  be 
interspersed  with  the  mode  hops  of  a  single  cluster  curve. 
For  the  calculation  presented  in  the  figure,  the  finesse  limit  of 
tuning  is  reached  before  the  mode-ht^  limit  on  the  central 
cluster  curve  shown  in  Fig.  ISc.  Parametric  oscillatian  on 
the  central  cluster  curve  usually  dominates  because  phase 
matching  is  best  there.  When  the  finesse  limit  of 
frequencyexcunion  fiom  the  cluster  curve  is  reached, 
however,  the  parametric  oscillation  on  the  central  cluster 
curve  decays,  and  it  is  possible  to  have  oscillation  build  up 
on  an  adjacent  cluster  ewe  before  oscillation  can  build  up 
on  the  next  mode  pair  of  the  central  cluster  ewe.  Notice 
that  the  mode*hop  spacing  measured  by  change  in  tuning 


variable  is  different  for  the  three  adjacent  cluster  curves  of 
Fig.  ISb,  c,  and  d.  Also,  the  relative  positions  of  the  finesse 
and  mode-hop  limits  change  with  detuning  from  degeneracy. 

These  comparisons  show  quantitative  agreement 
between  observations  and  the  tuning  theory  of  section  II. 
The  tuning  theory  describes  the  cluster  tuning  of  the  DRO,  as 
well  as  the  effects  of  cavity  finesse  on  the  cluster  structure  in 
the  occurrence  of  cluster  jumps.  Also,  the  theory  is  able  to 
predict  the  observed  spacing  in  tuning  variable  of  axial  mode 
hops  on  a  microscopic  scale  of  tuning.  This  is  done  using 
temperanire  depen^t  dispersion,  thermal  expansion, 
electro-optical  and  piezoelectric  effects.  Only  three  fitting 
parameten  are  used:  a  temperature  calibration  which  entailed 
the  translation  of  a  temperature  scale  by  a  fraction  of  a  degree 
C,  an  adjustment  of  cavity  length  I  less  than  one 
wavelengdi,  and  the  use  of  a  efiective  crystal  thickness  that 
compensated  for  the  nonuniformity  of  electric  field  inside  the 
crystal.  With  this  agreement,  it  is  reasonable  to  consider 
applying  the  theory  to  analysis  of  the  DRO  for  optical 
f^ueiKy  synthesis.  Specifically,  the  analysis  addresses 
conditions  required  to  reproduce  the  coherence  of  a 
frequeiKy  stable  pump  having  a  small  degree  of  tunability  at 
any  frequency  in  the  nming  range  of  the  DRO. 


fV.  Frequency  synthesis  and  tuning  variable  tolerances 

Parameter  tolerances  and  continuous  frequency  tuning 
are  topics  which  can  be  addressed  with  the  theory  presented 
in  earlier  sections.  Knowledge  of  tolerances  is  important  for 
stable  DRO  operation  and  tuning  to  oscillation  at  specific 
frequencies.  Continuous  frequency  tuning  is  of  interest  in 
many  applications.  Fixed  frequency  operation  with 
resolution  finer  than  a  mode  hop  may  be  required,  or  perhaps 
truly  continuous  frequency  coverage  may  be  necessary.  The 
DRO  output  frequencies  lie  within  the  widths  of  cavity 
resonances.  The  extent  of  continuous  tuning  depends  on 
several  factors  including  frequency  shifts  of  the  cavity 
modes,  the  spectral  range  over  which  Lh^  conservation  of 
energy  condition  can  be  satisfied  while  maintaining 
oscillation  within  a  selected  mode  pair,  and  the  spectral  range 
ovtf  which  higher  net  parametric  gain  is  not  available  on 
another  mode  pair.  Multiple  parameter  tuning  in  which  two 
OT  more  parameters  are  synchronously  changed  is  required 
for  continuous  tuning  over  the  full  free  spectral  range  of  the 
oscillator.  Single  parameter  tuning  will  provide  frequency 
coverage  over  small  regions  separated  by  the  discrete  mode 
hops. 

It  is  easiest  to  think  of  tolerances  for  situations  in  which 
only  a  tingle  panmeier  is  allowed  to  change.  In  practice 
dim  are  advantages  in  dealing  with  parameter  tderances  in 
pairs.  For  example  voltage  and  temperature  adjustments 
could  be  used  to  maintain  stable  oscillation  at  a  fixed 
fiequency.  It  may  not  be  possible  to  control  temperature  to 
the  precision  required  with  fixed  voltage,  but  the  lack  of 
required  temperature  control  could  be  compensated  with 
voltage  controL  Feedback  techniques  could  be  used  to  adjust 
voltage  to  maintain  stable  oscillation  on  a  signal-idler  mode 
pair  even  in  the  presence  of  temperature  fluctuations  that 
would  alone  cause  mode  hops.  The  change  in  voltage 
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Fig  1 S.  A  detailed  display  of  calculated  DRO  tuning  as  a  function  of 
applied  potential  for  conditions  that  would  produce  output  similar  to 
that  show  in  Fig.  10.  All  calculations  are  for  a  fixed  temperature  of 
107.540  'C.  In  (a)  the  phase- matching  curve  is  the  heavy  solid  line,  the 
gam  bandwidth  curves  ate  the  dashed  lirtes.  and  the  cluster  curves  are  the 
dotted  lines.  Detailed  calculations  of  tuning  on  three  cluster  curves  near 
-1 60  V  are  show  in  (b),  (c)  and  (d).  Here  the  DRO  output  frequency  ts 
indicated  by  the  open  horizontal  bars,  the  dotted  lines  are  the  cluster 
curves,  the  heavy  dashed  lines  are  the  finesse  limits  of  frequency 
excursion  from  the  cluster  curve,  and  the  light  solid  lines  are  the  mode- 
hop  limits  of  tuning.  A  finesse  of  960  is  used.  The  slope  of  the 
continuous  portions  of  the  detailed  tuning  curves  (b)-(d)  is  dependent  on 
ihe  relative  values  of  finesse  at  the  signal  and  idler  frequencies,  but  in 
all  cases  this  slope  is  much  less  than  the  slope  of  the  cluster  curves. 
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required  for  stable  operation  could  be  used  as  an  error  signal 
that  would  in  turn  be  used  to  return  temperature  to  the 
desired  value. 

Simultaneous  adjustment  of  three  parameters  could  also 
be  used  to  tune  the  output  frequency  of  the  DRO.  As  an 
example,  consider  the  pump  frequency  ramped  in  some 
specified  way.  The  conditions  required  for  stable  operation 
on  a  single  signal-idler  mode  pair  could  be  provided  by 
feedback  control  of  the  potential  applied  for  electro-optic  and 
piezoelecuic  tuning.  The  tolerance  required  for  phase 
matching  is  much  less  stringent  than  that  r^uired  for  suble 
operation  on  a  single  signal-idler  mode  pair,  adequate  phase 
matching  could  be  maintained  by  temperature  control  based 
on  a  functional  relationship  dependent  on  the  pump 
frequency  and  voltage  required  for  stable  operation.  With 
two  parameter  tuning,  frequency  matching  could  be 


maintained,  but  it  would  not  be  possible  to  maintain  optimum 
phase  matching. 

A.  Tuning  variable  tolerances 

The  parameter  tolerances  for  stable  operation  are 
determined  by  the  more  restrictive  of  two  conditions.  Mode 
hops  are  avaded  by  maintaining  operation  within  a  range  of 
adjustment  over  which  higher  gain  does  not  develop  on 
another  signal-idler  mode  pav .  The  range  of  adjustment  over 
which  oscillation  can  be  maintained  on  a  mode-pair  may  be 
limited  to  a  smaller  value  by  the  resonance  width  or 
equivalently  the  DRO  finesse.  These  tolerances  are  closely 
related  to  the  mode-hop  spacing  and  spectral  limits  of  tuning 
which  were  discussed  earlier,  and  they  can  be  obtained  from 
detailed  tuning  curves  such  as  were  shown  in  Fig.  ISb,  c, 
and  d  for  voltage  tuning.  Detailed  tuning  curves  for 
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Hg.  16.  Calculated  detailed  tuning  u  a  function  of  tempetatuie.  For 
this  calculation  temperatuie  is  adjusted  while  other  pacameten  ate  held 
constant  at  values  conesponding  u>  a  point  near  the  center  of  Rg.  ISc. 
The  vaiious  lines  have  the  same  sig^dficance  as  in  that  fig;uR.  Hem, 
also,  the  slope  of  the  continuous  portions  of  the  tuning  curve  are 
dependent  on  the  relative  values  of  signal  and  idler  finesse,  and  this 
slope  is  small  compared  to  the  slope  of  the  cluster  curve. 


Fig.  17.  Calculated  detailed  tuning  u  a  function  of  pomp  bequency. 
For  this  calculation,  pump  bequetKy  it  adjusted  while  other  paiameien 
are  held  constant  at  values  oottespondiiig  to  a  point  near  the  center  of 
Fig.  ISc.  The  various  lines  have  the  same  agnificmee  as  in  that  figure. 
For  pump  bequency  utning  with  equal  agrud  and  idler  cavity  finesae, 
the  slope  of  the  continuous  portions  of  the  tuning  curve  is 
approximately  O.S.  Due  to  the  scale  required  to  display  the  much 
greater  slope  of  the  cluster  curve,  the  continuous  pcriians  of  the  nitnng 
curve  appear  to  be  hetuontaL 
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temperature  tuning  and  pump-frequency  tuning  are  shown  in 
Figs.  16  and  17  respectively. 

The  conditions  for  the  calculations  displayed  in  Figs.  16 
and  17  are  the  same  as  those  used  to  (ffoduce  Fig.  ISc. 
These  conditions  are  F*,  s  s  960  for  a  Mg0:LiNb03  DRO 
of  length  /=  1.25  cm  pump^  at  564  THz  (532  nm)  with 
signal  frequency  near  287  THz  (1043  nm).  Fitting 
parameters  used  in  these  calculations,  such  as  effective 
thickness  t  >  0.277  cm  and  a  length  adjustment 
corresponding  to  a  change  in  m  of  0.42,  are  the  same  as 
required  to  fit  to  the  experimental  data  in  Figs.  12  and  13. 
Th^  characteristics  are  carried  forward  to  other  calculations 
for  the  purpose  of  providing  a  specific  example  for 
comparisOT. 

The  detailed  tuning  curves  of  Figs.  15,  16,  and  17  are 
similar  in  many  respects.  The  mode-hop  and  finesse  limits 
of  frequency  displacement  from  the  cluster  curve  are 
independem  of  tuning  parameter.  In  each  of  the  figures,  the 
slope  of  the  continuous  portion  of  tuning  between  mode 
ho^  is  much  smaller  than  the  slope  of  the  cluster  curve.  The 
slopes  of  the  continuous  portions  of  tuning  are  dependent  on 
the  relative  finesse  of  sig^  and  idler  resonances.  The  case 
of  equal  finesse  is  shown  in  the  calculated  tuning  curves. 
The  lUustrated  curves  show  that  voltage  needs  to  be  held 
within  a  tolerance  of  qiproximately  1  V,  temperature  within 
0.0005  ‘C,  and  pump  frequency  within  3  MHz  for  stable 
operation  for  this  example. 


Analytic  approximations  for  the  parameter  tolerances  for 
stable  operation  are  not  limited  to  a  specific  example.  The 
range  over  which  a  parameter  can  be  changed  without 
causing  a  mode  hop  is  obtained  from  the  condibon  dm,  (-j  = 
±1/2.  Recall  that  /n, ^  is  the  value  m,  for  a  point  on  the 
associated  cluster  curve,  and  the  cluster  curve  is  a  line  which 
gives  the  values  of  signal  frequency  o>,  and  a  tuning 
parameter  C  for  which  dm  s  0  with  the  other  parameters  held 
at  fixed  values.  It  follows  that  the  tuning  parameter  tolerance 
is 


The  derivative  in  the  above  equation  can  be  evaluated  with 
Eq.  (33).  An  approximation  of  that  equation  for  the  case  of 
Type-I  phase  matching  is  given  by 


^,C|  ^0 

^  "  &ttj  -  &u,  ^ 


(37) 


where  6a\)  is  the  mode  spacing  at  d^eneracy  where  (u,  s  07, 
w  0%  *  ^  difference  between  the  idler  and  signal 

mode  spacing  can  also  be  expanded  about  degeneracy  using 
Eqs.  (17)  10  obtain 


(38) 
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The  last  three  equations  can  be  combined  to  give  the  desired 
approximation  for  the  mode-hop  parameter  tolerance, 
namely, 


d^m. 


(3,, 


’H<^u>iefuce 


The  adjustable  parameter  tolerance  related  to  cavity 
finesse  can  be  obtained  from  the  cavity-round-trip-phase- 
shift  sum  for  which  the  pumping  threshold  is  twice  its 
minimum  value.  From  Eqs.  (12)  and  (13)  this  phase-shift 
sum  is 

V'fu,  =  +  i  )  •  (^0) 

I 

Since  \ff  =  2;r  ^  ,  the  parameter  tolerance  determined  by 
cavity  Hnesse  is 

^fF.n-tote«,ee  1  T  ^  ^  W  ' 

The  parameter  tolerance  related  to  mode  hops  given  by  Eq. 
(39)  is  zero  at  degeneracy  and  increases  linearly  with 
detuning  from  degeneracy.  In  practice,  however,  operation 
precisely  at  degeneracy  was  stable  for  tens  of  minutes  with 
no  adjustments  to  the  DRO.[10]  The  parameter  toloance 
related  to  cavity  finesse  given  by  Eq.  (41)  remains 
approximately  constant  independent  of  detuning  from 
degeneracy  as  long  as  fmesse  remains  constant  Calculated 
tuning  variable  tolerances  are  given  in  Table  III  for  the 
Mg0;LiNb03  DRO  for  the  conditions  used  to  generate  Fig. 
15c,  16,  and  17. 


B .  Single  parameter  tuning 

It  has  been  noted  by  Smith  [4]  that  the  continuous 
tuning  of  a  DRO  is  relatively  insensitive  to  tuning  parameter 
changes  that  change  the  optical  length  of  the  DRO  resonator 
but  displays  approximately  one-half  of  the  change  in  pump 
frequency.  The  reason  for  this  is  changes  in  lempeiature  or 
applied  potential  shift  signal  and  idler  resonances 
approximately  an  equal  amount.  Until  a  mode  hop  occurs, 
the  oscillating  frequency  remains  a  compromise  between  the 
center  frequencies  of  the  resonances.  If  finesse  is  nearly  the 
same  for  signal  and  idler,  the  oscillating  frequency  changes 
little,  but  if  one  of  the  resonances  has  higher  finesse,  it  tends 
to  pull  the  oscillating  frequency  more.  Since  the 
conservation  of  energy  condition  Eq.  (1)  must  be  satisfied, 
any  change  in  pump  firequency  also  appean  in  the  sum  of 
changes  in  sign^  and  idler  frequencies. 


Single  parameter  continuous  tuning  is  described  by  Eq. 
(30),  which  can  be  rewritten  using  m  •  as 


'dC  ~ 


In  the  mathematical  developmmt  used  here,  a.  and  ^  have 
been  used  as  independent  variables  with  nij  determined  by 


Eq.  (1).  Choosing  pump  frequency  a  as  the  variable 
parameter  C  requires  the  substitutions 

dm.^  /^i\ 

X  da 

w  P  •  I 


a. 


=  0  . 


The  signal  and  idler  mode  spacings,  and  &t;^,  will  differ 
only  a  small  amount,  and  if  F*,  and  are  nearly  equal,  the 
tuning  rate  is  osc  More  generally,  for 

differing  values  of  fimsse,  the  tuning  rate  is  in  the  range  0  < 
da^O$f  though  approximately  half  the 

pumpnequemy  tuning  will  be  reflected  in  signal  tuning, 
only  a  relatively  small  spectral  range  will  be  covered  before  a 
mode  hop  is  encountered.  Calculated  single  parameter 
tuning  rates  for  the  special  case  of  F*,  =  Fj  corresponding 
the  DROs  described  in  section  ni  are  given  In  Table  m.  The 
partial  derivatives  needed  in  this  calculation  were  evaluated 
for  a),  Ok  =  287.44  THz  (1043  nm)  and  Tq  =  107.51  ’C 
instead  of  taken  from  Table  II.  As  explained  earlier,  this  is 
required  for  the  evaluation  of  ^s,Osc^^ 
which  involve  the  small  difference's  of  two  quantities,  but 
has  little  effect  on  the  other  values  in  the  table. 


C.  Multiple  parameter  tuning 


It  is  possible  to  extend  the  continuous  tuning  range  by 
synchronously  adjusting  two  or  three  parameters.  Adjusting 
two  parameters  simultaneously  allows  the  conditions  Am  =  0 
and  0  to  be  maintained,  but  Ak  will  change. 
Adjusting  three  parameters  simultaneously  permits  tuned 
parametric  oscillation  while  maintaining  dm,  dm,,  and  dl; 
all  equal  to  zero  for  a  specified  mode  pair,  and  tuning  is 
limited  only  by  the  extent  the  parameters  can  be  changed. 


Generalized  tuning  parameters  with  C\  and  Ci  adjustable 
and  (3  fixed  are  used  for  the  discussion  of  two-parameter 
tuning.  For  the  specific  case  used  here,  any  permutation  of 
voltage,  temperature,  and  pump  frequency  can  be  used  for 
these  three  parameters.  The  conditions  dm  =  0  and  dm,  =  0 
determine  a  relationship  between  and  (2>  and  use  of  this 
relationship  allows  and  dk  to  be  expressed  as  functions  of 
{].  These  relationships  can  be  obtained  by  first 
differentiating  Eqs.  (21),  ^2)  and  (23)  with  respect  to  Ci 
yielding 


and 


dm 

,  0  =  (ii) 

da^ 

dm 

dm^ 

dm  da, 

.  n  _  •  • 

dm 

4.  * 

. 

An,  dCj 

^ft 

dOk 

■ 

r  ^ 

dAk 

ddk  <^^2 

rff,  ■ 

.  (42a) 

(42b) 

(42c) 


Only  a  small  spectral  region  is  being  considered,  and  it  is 
unnecessary  to  consider  second  partial  derivatives  with 
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respect  to  signal  frequency.  The  first  partial  derivatives, 
however,  must  be  evaluated  fw  the  operating  conditions  that 
are  being  considered.  A  specific  case  where  this  is  important 
is  frequency  tuning  for  voltage  and  temperature  adjusunent, 
which  again  invdves  a  small  difference  of  terms.  Equations 
(42a)  and  (42b)  are  solved  for  and  d^^/dCi  ■  These 

values  are  substituted  in  Eq.  (42c)  to  obtain  a  value  for 
ddkldi^ .  Results  are  calculated  for  three  sets  of  tuning 
parameters  and  listed  in  Table  IV.  The  conditions  used  for 
these  calculations  are  the  same  as  those  used  for  Figs.  IS  -17 
and  Table  m.  The  partial  derivatives  in  Eqs.  (42)  again  were 
evaluated  for  evaluated  for  THz  (1043  nm) 

and  Tq  =  107.51  *C  for  the  generation  of  Table  IV. 


TABLE  IV.  CikalAltB  •alutt  far  ra^paraiHUr  luaiai  of  i  manoliiliic 
M(0:LiNbO,  DBO  M/,  a  2r.44  THi  ar  L,  «  1*43  aaL 
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Fig.  18.  Calculated  tuning  for  varying  voltage  and  pump  tiequency 
simuluuieously  in  a  way  to  mainlain  dm  ■  0  and  dm,  •  0.  The  dadted 
line  is  the  cluster  curve  of  Hg.  17.  Tuning  limita  are  taken  are  the 
points  at  which  di  •  a/ 1  in  the  1.2S<m'loog  crystal. 


Two  of  the  examples  given  in  Table  IV  are  briefly 
noted.  Voltage-temperature  tuning  mentioned  eariier  is  of 
interest  for  operation  at  a  fixed  frequency.  The  rate  of 
change  of  output  frequency  with  applied  potential  when 
voltage  and  temperature  are  changed  limuluuieously  to 
maintain  dm  >  0  and  Am.  ■  0  is  calculated  to  be  -7.9 
kHz/V.  The  magnitude  of  this  uining  rate  is  about  10  times 
smaller  than  the  single  parameter  voltage  tuning  rate  given  in 
Table  III,  and  signifi^tly  smaller  than  the  3.S  MHz/V 
tuning  rate  of  the  cavity  resonance.  The  reduced  sensitivity 


is  important  in  stable  frequency  operation  of  the  DRO.  The 
case  of  simultaneous  pump  fr^uency  and  voltage  tuning  is 
useful  for  continuous  coverage  of  the  spectral  region 
between  the  mode  hops  of  single  parameter  tuning. 
Calculated  uining  curves  for  this  case  are  shown  in  Fig.  18. 

The  same  conditions  used  in  Figs.  1S-I7  again  apply  to  Fig. 

18.  Tuning  is  taken  u>  the  limits  of  dk  =  ±;r  /  /  in  the  figure. 

Three  parameter  uming  is  presented  in  two  ways.  First 
a  method  is  described  to  achieve  oscillation  at  a  specified 
frequency  while  satisfying  the  conditions  Ak  =  0,  Am  =  0, 
and  dm,s  0.  The  description  is  in  mathematical  terms,  but 
has  analogy  tt>  what  could  be  done  experimentally.  The  first 
step  is  to  adjust  temperature  to  achieve  phase  matching  for 
the  specified  frequency.  This  is  just  a  matter  of  changing 
tempmture  tt>  the  value  determined  by  Eq.  (20).  Next  the 
pump  frequency  and  temperauire  are  adjusted  simultaneously 
to  maintain  the  dit  >  0  phase-matching  condition  and  to 
satisfy  the  condition  dm  s  0.  Numerically  this  is  done  by 
setting  dH  w  0  and  dm  >  0  in  Eqs.  (20)  and  (21)  and  solving 
fw  T  and  (Up  with  V  and  (U,  held  constant.  Next  three 
parameters  are  adjusted  simultaneously  by  solving  Eqs.  (21) 

-  (23)  for  7 ,  (Up  and  V  with  (u,  again  held  constant,  and 
Ak,  dm,  and  dm,  set  to  zero. 

In  practice  this  would  be  analogous  to  setting 
temperature  to  a  value  calculated  for  phase  matching  and 
observing  the  location  of  the  cluster  curve  nearest  the  phase- 
matched  signal  frequency.  Next,  temperature  and  pump 
frequency  are  adjusted  simultaneously  to  move  that  cluster 
curve  to  intersect  the  desired  frequency  at  phase  matching. 

At  this  point  oscillation  is  on  the  resonance  nearest  the 
specified  frequency.  Finally,  temperature,  pump  frequency, 
and  voluge  are  adjusted  simultaneous  to  bring  the  cavity 
resonance  to  the  desired  frequency  while  maintaining 
coincidence  of  the  signal  and  idler  modes  and  phase 
matching. 

The  second  method  of  three  parameter  tuning  considers 
a  sihiation  in  which  oscillation  has  been  achieved  with 
optimum  phase  matching  and  coincidence  of  the  modes  in 
satisfying  the  conservation  of  energy  condition.  Continuous 
output  fr^uency  tuning  is  possible  over  a  limited  range 
while  mainuiining  optimum  DRO  operating  conditions.  One 
parameter  can  be  changed  arbitrarily,  but  the  other 
patameten  must  be  changed  in  a  prescribed  manner.  This 
prescription  for  this  change  is  again  obtained  by 
difrerentiating  Eqs.  (21)  -  (23)  and  this  time  setting  the  all 
total  derivatives  equid  to  zero.  The  pump  frequency  ci>„  is 
chosen  as  the  indqiendent  parameter,  and  the  differentiation 
yields 

dAk  (dAk\  dAk  ^  dAk  dT  ^  dAk  dV 

^  ~Sr  d<a^  ~5v  dcup  • 

(43a) 

dm  ( ^'\  .  dm  dm  dr_  dm  d^ 

<fo»  *  "  ^  ^  ^  ’ 

(43b) 

uid 
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VI.  Summary 


d(Op  ~  ~7o^d(Op  7^  7r  d(0^  '*'  dV  d^ ' 

(43c) 

Again,  only  the  first  partial  derivatives  evaluated  in  the 
region  of  consideration  are  required.  All  of  the  partial 
derivatives  are  determined  by  material  characteristics  and 
DRO  configuration  resulting  in  three  linear  equations  with 
three  unknowns,  which  are  solved  by  the  usual  methods. 
Continuous  frequency  coverage  can  be  obtained  with  an 
incremental  series  of  continuous  frequency  sweeps.  A 
calculation  of  tuning  in  this  manor  is  shown  in  Fig.  19.  The 
extent  of  tuning  for  the  individual  sections  will  be  limited  by 
the  range  of  parameter  adjustment.  For  example,  there  may 
be  a  maximum  voltage  that  can  be  applied  or  the  extent  of 
pump  frequency  tuning  may  be  limited.  A  limit  of  ±  1(X)0  V 
was  used  in  the  figure. 

The  calculations  of  two  and  three  parameter  tuning  show 
that  a  DRO  can  be  tuned  to  any  frequency  in  its  operating 
range  [3]  with  reasonable  adjustment  of  the  tuning 
parameters.  Continuous  tuning  is  possible  over  spectral 
ranges  of  approximately  the  extent  of  a  free  spectral  range. 
Complete  coverage  of  larger  spectral  regions  has  to  be  done 
by  scanning  a  series  of  smaller  regions.  The  control  of 
individual  parameters,  particularly  temperature,  require 
difficult  tolerances.  The  control  problem  can  be  shifted  to 
another  more  easily  controlled  parameter  such  as  voltage 
w  ith  multiple  parameter  control  of  the  DRO.  The  degree  of 
correction  required  on  the  second  parameter  can  then  be  used 
as  an  error  signal  to  control  the  Hrst  parameter.  Fortunately, 
ihc  oscillating  frequencies  of  the  monolithic  DRO  exclusive 
of  mode  hops  are  relatively  insensitive  to  voltage  and 
temperature  changes.  If  mode  hops  and  cluster  jumps  are 
avoided,  the  frequency  change  of  the  DRO  is  approximately 
one  half  the  frequency  change  of  the  pump. 
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Pig.  19.  Calculated  tuning  for  varying  voltage,  pump  bequency.  and 
lemperatuie  simultaneouily  in  a  way  to  maintain  ^  a  0,  dm,  >  0,  and 
J*-0. 


The  theory  used  to  model  tuning  of  the  DRO  is  verified 
at  many  stages.  The  fust  order  threshold  approximation 
agrees  well  with  more  general  calculations  in  the  limit  of  low 
cavity  loss.  The  theory  accurately  models  observed  cluster 
curves  for  two  monolithic  MgO:LiNb03  DROs.  The 
modeling  includes  temperature  dependent  dispersions, 
thermal  expansion,  and  the  electro-optic  and  piezoelecuic 
elTects  in  the  nonlinear  material.  The  effect  of  DRO  cavity 
finesse  on  the  fine  details  of  tuning  gives  a  reasonable 
explanation  of  observed  cluster  jumps.  Further 
substantiation  of  the  model  in  the  fme  details  of  tuning  is 
provided  by  the  accurate  prediction  of  the  axial-mode-hop 
rate  for  tuning  parameter  change. 

An  understanding  of  DRO  tuning  is  important  for 
controlled  stable  operation.  Continuous  tuning  rates  were 
calculated  for  single  and  multiple  parameter  adjustment. 
Tolerances  for  stable  operation  were  estimated.  The  results 
of  these  calculations  will  be  useful  for  DRO  design 
optimization.  Multiple  parameter  tuning  including  pump 
frequency  adjustment  will  be  required  to  reach  any  arbiuary 
ftequency  in  the  OPO  operating  range.  With  appropriate 
control  the  DRO  will  be  able  to  produce  stable  outputs  with 
frequency  stability  as  good  as  that  available  in  the  pump 
source. 

The  DRO  should  fmd  application  in  the  generation  of 
stable  fixed-frequency  radiation.  Incremental  tuning  in 
controlled  mode  hops  or  cluster  jumps  will  have  applications 
in  spectroscopy  and  differential  absorption  LIDAR.  Slow, 
high-resolution  tuning  will  be  possible  over  limited 
frequency  ranges  for  spectroscopic  applications. 

The  theory  presented  here  could  easily  be  extended  to 
DRO  configurations  other  than  monolithic  devices.  Other 
degrees  of  freedom  such  as  direct  length  control  in  a  discrete 
component  DRO  would  provide  greater  versatility  in 
operation.  Independent  control  of  signal  and  idler  cavity 
lengths  would  be  useful  in  providing  greatly  extended  ranges 
of  continuous  tuning.  The  development  of  stable  DRO 
operation  is  now  possible  through  the  combination  of 
improved  nonlinear  optical  materials  and  frequency  stable 
laser  development  such  as  diode-pumped  solid-state  lasers. 
Optical  parametric  oscillators  again  appear  to  be  on  the 
threshold  of  achieving  a  potential  that  was  First  understood 
twenty-five  years  ago. 


Appendix  A.  Material  properties  of  MgO:LiNbOj 
related  to  DRO  tuning 

A.  Temperature  Dependent  Dispersion 

Edwards  and  Lawrence  [26]  have  developed 
tempeianue  dependent  dispersion  equations  for  congruenily 
grown  LiNbOs  based  on  data  reported  by  D.  F.  Nelson  and 
R.  M.  Mikulyak  [27]  and  Smith,  Riccius  and  Edwin.[28] 
They  use  dispenkm  equations  of  the  fonn 
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B .  Electro-Optic  EfTea 


n  =  A,  + 


A,*  B/ 


(a^-bW 


+  B/  -  A^V 


where 


(Al) 


F  =  (X  -7^(7  +  T^  + 546)  ,  (A2) 

k  is  wavelength  in  pin,  and  7  is  tentperature  in  *C. 
CoefTicients  for  congruent  LiNbOs  are  as  follows: 


Ordinarv 

^1 

4.9048 

4.5820 

^2 

0.11775 

0.09921 

^3 

0.21802 

0.21090 

0.027153 

0.021940 

2.2314x10-* 

5.2716x10-* 

^2 

-2.9671x10-* 

-4.9143x10-* 

^3 

2.1429x10-* 

2.2971x10-'^ 

^0 

25 

25 

The  material  used  in  this  work  is  not  congruent  LiNbOa; 
rather,  it  is  5%Mg0;LiNb03.  There  is  little  refractometric 
data  available  for  the  second  material.  To  obtain  an 
approximate  set  of  equations  for  S%Mg0:LiNb03,  the 
extraordinary  index  was  adjusted  by  changing  A,^  from 
4.5820  to  4.55207.  This  has  the  effect  of  increasing  the 
calculated  noncritical  phasematching  temperature  for  10^-  to 
532-nm  second  harmonic  generation  from  -19.4  ‘C  to 
107.04  *C.  The  measured  value  for  the  MgO  doped  material 
IS  107  ’C.[29]  This  modification  to  the  congruent  dispersion 
equations  accurately  reproduces  the  observed  tuning  curve 
for  a  singly  resonant  OPO  that  was  tuned  between  0.85  and 
1.48  p.m  by  varying  temperature  between  122  and  190 
'C.[30]  This  modification  also  predicts  parametric 
llorescence  pumped  at  5 14.5  and  488  nm  when  the  crystal  is 
tuned  between  100  and  450  'C  (Table  Al). 


Electro-optical,  piezoelectric,  and  thermal  expansion 
characterization  of  LiNb03  are  reviewed  by  Rauber.[31]  A 
somewhat  more  extensive  tabulation  of  electro-optical 
coefficient  measurements  is  given  by  Yariv  and  Yeh.[32] 
Their  treatment  of  electro-optical  effect  is  followed  here.  The 
index  ellipsoid  in  a  principle  coOTclinate  system  is  given  by 


When  an  electric  field  is  applied,  the  electro-optical  effect 
described  by  the  modified  index  ellipsoid 

"y  "z 

+  2r,,£,yz  -k  z  +  2r^£,xy  =  1. 

(A4) 

where  ^  ,  i  =  1.-  -6  . 

k«l 


For  point  group  3m  ,  to  which  LiNb03  belongs,  the 
following  relationships  apply: 

=  '•y  ®  '*0*  "i  =  "e’ 
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•'22 

'’13 

0 

'•22 

"13 
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0 

''33 

0 

^51 

0 

'■51 

0 

0 

(A5) 


TABLE  At.  Comptrikon  or  nwHurod  and  calcutalcd  v«lu«  for 
paraiiMirie  fluoraactiic*  in  MfO;LiNb03. 


SU.S-nm  pump  wavelength  asS-iun  pump  wavelength 


cxpcnmenol 

tempennoc 

setting 

obierved 

fluoicicence 

wavelcngifa 

calciiliMl 

ohicfvud 

flunteicancc 

wavckngih 

cateuUwd 

KRipoaniR 

148 'C 

7T7.I  nm 

146.70  'C 

673.3  nm 

143.17 -C 

198 

741.2 

196.21 

633.1 

194.93 

248 

710.8 

243.26 

634.3 

243.18 

298 

684.3 

293.38 

617.3 

294.12 

318 

674.8 

312.32 

348 

660.8 

341.30 

601.3 

341.86 

398 

639.2 

389.31 

383.7 

390.38 

448 

619.2 

436.60 

-'■22  0 


There  are  only  four  independent  elecuo-optical  coefficients. 
We  consider  only  application  of  an  electric  field  along  the  > 
axis  (£  w  £y)  which  further  simplifies  the  index  ellipsoid  to 

(“T  -  ^  (“7  ''22O  ^  h 

ft. 


-I-  2rj|£^  yz  *  1  •  (A6) 

The  presence  of  the  yz  -cross  term  shows  that  the  electro- 
optical  effect  results  in  a  slight  rotation  of  the  principle  axes. 
This  is  a  small  effect  that  accounts  for  less  than  1%  of  the 
refractive  index  change  even  at  the  highest  fields  that  are 
considered  here;  therefore,  this  rotation  is  ignored.  For 
propagation  in  the  x-diiection  we  have 
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Yariv  and  Ych[32jlist  three  values  for  of  LiNb03 
measured  with  low-frequency  applied  electric  field  for 
different  q>tical  wavelengths; 

r22(633  nm)  =  6.8  x 

TjjCl.lS  pm)  =  5.4  X  m/V,  and 

r22(3.39  pm)  =  3.1  X  10->2  m/v. 

These  values  suggest  that  we  use  rjj  =  5.5  x  10'*^  m/V  near 
the  wavelength  1.06  pm.  the  wavelength  region  at  which  our 
5%Mg0;LiNb03  DRO  was  operated.  The  value  6.8  x  lO"'^ 
m/v  is  from  a  measurement  reported  in  1967.[33]  Note  that 
this  measurement  was  made  even  before  the  growth  of 
congruent  LiNb03  was  repwted.  [34,35]  We  are  working 
with  a  yet  slightly  different  material  5%MgO:LiNb03. 
[24,25]  and  caution  is  required  in  applying  these  values. 


C .  Thermal  Expansion 

Thermal  expansion  measurement  to  second  order  in 
temperature  for  LiNb03  have  been  reported  by  Kim  and 
Smith.[36]  They  express  the  fractional  change  of  length 
with  the  quadratic  function 

£  =  a(T-TR) +^(T-T^)^  .  (A8) 

where  I  is  length.  A/  is  change  in  length,  T  is  temperature  in 
’C,  and  =  25  *C  is  a  reference  temperature.  The  DRO 
length  is  measured  along  the  crystal  x-axis.  One  set  of 
coefficients, 

a„  =  1.54  X  10-5 ‘C’ 


and  =  5.3x10-^*C-2 

apply  to  expansion  in  the  xy  -plane,  and  a  second  set  to 
expansion  in  the  z  -direction.  Tlie  spread  in  measurements 
reported  by  Kim  and  Smith  suggest  an  accuracy  of  about 
10%  in  the  two  coefficients. 


equations.  The  elongation  of  the  DRO  cavity  is  given  by 
5„.  the  x-component  of  change  of  a  vector  that  lies  in  the  x- 
duection.  For  these  measurements  electric  field  is  applied  in 
the  y-direction  Ey,  and  he  modulus  djii  **  required  for  the 
calculation  of  stran.  The  symmetry  of  the  stress  tensor 
allows  the  use  of  a  contracted  subscript  notation  in  which  the 
modulus  d2ii  is  expressed  as  ^21-  3/n  symmetry  of  the 

lithium  niobate  crystal  reduces  the  number  of  independent 
moduli  to  4.  The  i^uced  matrix  of  piezoelectric  moduli  for 
point  group  Sm  is 


r  0  0  0  0  d, 5 -2^22 


^22 

0 

0 

0 

*^31  ‘^31 

^33  0 

0 

0 

(All) 


Using  the  relationships  between  the  moduli,  it  follows  that 
strain  is  given  by 


■^11  “  ^11^11“  “  “^22^y  ■  (A12) 


The  value  of  piezoelectric  modulus  reported  by  Smith  and 
Welsh,^*  djt  ®  '  Coulombs  per  Newton,  is 

used.  They  identify  the  LiNb03  which  they  used  as 
commercially  grown  with  a  Curie  point  of  1 165  ’C.  Sound 
propagation  measurements  were  used  to  determine  the 
piezoelectric  moduli. 


The  derivatives  used  in  Eqs,  (20),  (21),  and  (22)  are 
expanded  in  Eqs.  (18)  and  Table  I.  Evaluation  for  the 
experimental  conditions  described  in  Section  IV  using  the 
material  properties  described  above  is  given  in  Table  II. 
Derivatives  involving  the  electro-optic  and  piezoelectric 
effects  are  given  with  respect  to  voltage  applied  to  the 
electrodes  on  the  crystal  surfaces  perpendicular  to  the  y-axis. 
An  effective  crystal  thickness  between  the  electrodes  t  is 
used,  and  these  derivatives  are  given  by 
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(Un  +  ©. 
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dm 


D.  Piezoelecttic  Effea 

The  direct  piezoelectric  effect  describes  the  electric 
polarization  P  that  results  when  a  stress  T  is  applied  to  a 
material  by  the  relationsliip 

=  (A9) 

where  are  the  piezoelectric  moduli.  The  converse 
piezoelecn;  effect  describes  the  strain  S  that  results  when  an 
electric  ffeld  is  applied  to  a  piezoelectric  material  by  the 
relationship  [37] 

Ej  .  (AlO) 

Summation  of  the  repealed  indices  is  implied  in  both  of  the 
above  equations,  and  the  moduli  are  the  same  in  both 
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